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ABSTRACT

INFLUENCE OF CONSOLIDATION AND INTERWEAVING ON
COMPRESSION BEHAVIOR OF ISOTRUSS™
STRUCTURES

Steven M. Hansen
Department of Civil and Environmental Engineering
Master of Science

Composite IsoTruss™ structures incorporate intersecting longitudinal and helical
members. At the intersections, the fiber tows can be interwoven to achieve mechanical
interlocking for increased joint integrity. Interlocking introduces gaps and curvilinear
fiber paths similar to the crossovers in filament-wound structures, potentially facilitating
local delamination within the members, thus reducing the strength and/or damage
tolerance of the structure. Optimizing the interlocking pattern at the joints along with
efficient consolidation minimizes these effects.
Joint specimens were fabricated using a specially designed machine. Specific tow
intersection patterns at the joint were: 1) Completely encapsulating the longitudinal
member with the tows of the helical member; and 2) Interweaving the tows of the helical
member with the tows of the longitudinal member. Consolidation was accomplished

using: 1) a braided sleeve; 2) a coiled sleeve; 3) a sparse spiral Kevlar® wrap; 4) a
polyester shrink tape sleeve; 5) twisting the entire bundle of longitudinal fiber tows; and
6) cinching the joints using aramid fiber.
Ultimate compression strength and stiffness is directly related to the straightness
of the tows in the longitudinal members at the intersections. An encapsulated joint
reduces member strength by only 4.6%; whereas, an interwoven joint reduces member
strength by 30.5%. The fiber paths of the longitudinal member in encapsulated joints are
straighter than in interwoven joints, resulting in an average strength difference of 26.2%.
Physical properties, strength, and stiffness show that consolidation quality directly
affects performance. Consolidation using sleeves provides high quality consolidation,
high strength, and high stiffness. Encapsulated joints consolidated using sleeves have an
average ultimate strength and Young’s modulus 34% and 21% higher, respectively, than
encapsulated joints consolidated using other methods. Interwoven joints consolidated
using sleeves have an average ultimate strength and Young’s modulus 28% and 19%
higher, respectively, than interwoven joints consolidated using other methods.
Consolidating specimens using a braided sleeve yields the highest quality based on
consistency, strength, and stiffness. Consolidating specimens by twisting the longitudinal
member yields the lowest strength and stiffness. These conclusions will be applied to
IsoTruss™ grid structure design and manufacturing technology.
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CHAPTER 1 - INTRODUCTION
This document describes an experimental investigation performed to quantify the
effects of tow intersection pattern at the joint and different methods of consolidation on
the compressive strength of the joints in IsoTruss™ grid structures. Test specimens of
individual joints in an IsoTruss™ grid structure were fabricated using a speciallydesigned machine capable of producing specimens with different tow intersection
patterns consolidated using various methods. The specimens were tested in pure
compression to failure. The test procedures and results are thoroughly described in this
document along with the conclusions derived from the results. The conclusions obtained
from the results will be applied to IsoTruss™ grid structure design and manufacturing
technology.

1.1

DESCRIPTION OF ISOTRUSS™ GRID STRUCTURE
The patented IsoTruss™ grid structure is a revolutionary composite configuration

that utilizes a unique geometry with light weight composite materials to support loads in
a highly efficient manner. The grid structure comprises interwoven longitudinal and
helical members that are composed of tows of fibers and resin. The longitudinal
members are parallel to the central longitudinal axis of the structure. The helical
members wrap around the central longitudinal axis in a piece-wise linear fashion. The
common IsoTruss™ grid structure geometry has twice as many helical members as
longitudinal members. The longitudinal and helical members intersect to form joints at
regular intervals circumferentially and longitudinally throughout the structure. These
joints are the target of this investigation.
Specific IsoTruss™ grid structure geometry depends upon the grid type and
number of nodes. A detailed description of geometry and nomenclature of the

1

IsoTruss™ grid structure is contained in Scoresby [1] and McCune [2]. Detailed
geometric equations for the IsoTruss™ grid structure have been defined and documented
in Winkel [3]. An 8-node IsoTruss™ grid structure is shown in Figure 1.1.

Figure 1.1 8-node IsoTrss™ Grid Structure

1.2

SCOPE OF INVESTIGATION
The IsoTruss™ grid structure is composed of interwoven longitudinal and helical

members that intersect and form joints throughout the structure. At the joints, the tows
are spread apart to achieve mechanical interlocking for increased structural integrity,
thereby unavoidably introducing gaps and curvilinear fiber paths (see Figure 1.2), similar
to the curvilinear fiber paths exhibited at the crossover points in conventional filament
wound structures. Such gaps and curvilinearity introduces complex stress patterns that
encourage local delamination within the members reducing the static strength of the
structure and potentially limiting the fatigue life. These effects can be minimized by
optimizing tow intersection pattern at the joint and consolidating the fibers throughout the
structure.
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Various configurations of tow intersection patterns at the joint can be fabricated.
In an effort to understand the range of behavior of most configurations, two extreme tow
interweaving patterns were examined. Compression tests were conducted on individual
joint test specimens fabricated using a specially-designed machine (see Chapter 3). The
specific consolidation methods investigated in this research were: 1) braiding a sleeve
over the member and joint; 2) wrapping a coiled sleeve over the member and joint; 3)
spirally wrapping a Kevlar® fiber tow sparsely around the member; 4) wrapping a
Dunstone Polyester Hi-Shrink Tape sleeve over the member and joint; 5) twisting the
entire bundle of tows in the longitudinal member; and 6) cinching the longitudinal
members above and below the joints using pre-impregnated aramid fiber. The specimens
were tested in compression and the results were compared to longitudinal member
specimens of equal length and diameter without intersecting helical members. The
results of the tests quantify the effects of extreme tow intersection patterns at the joint
and different consolidation methods on the compressive strength of the joints in
IsoTruss™ grid structures. The conclusions and observations made from the test results
will be applied to automated manufacturing of IsoTruss™ grid structures.

Figure 1.2 Joint of IsoTruss™ Grid Structure Showing Gaps and Curvilinear Fiber
Paths
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1.3

PREVIOUS RESEARCH
Previous research on individual joints in IsoTruss™ grid structures has not been

performed. Related areas of research include compression tests of individual composite
fibers, compression tests of composites, studies of the effects of imperfections on strength
of composite structures, and compression tests performed on IsoTruss™ grid structures.
Kozey [6] studied the axial compression behavior of high performance carbon
fibers. His research focused on individual filaments. He used various micromechanical
models to understand the compressive failure of single filaments and concluded that high
strength PAN-based carbon fibers fail in compression via shear-like brittle cracking
rather than kinking.
Andrews [7] studied compressive deformation of aramid fibers in pultruded
composite rods. His studies concluded that for deformation in compression, failure of the
fibers in the rods occurs at a lower stress than for individual fibers probably due to the
cooperative formation of kink bands in the rods.
Soutis [9] and Wisnom [8] performed research that is very similar to the research
in this investigation. Their research involves cylindrical composite rods which are
comparable to the longitudinal members of an IsoTruss™ grid structure.
Soutis [9] performed research on pultruded carbon fiber-epoxy cylindrical rods.
He used an original test procedure to determine the compressive properties of pultruded
T300/828 and IM7/828 carbon fiber-epoxy unidirectional rods at room temperature.
Final fracture of the rods occurred when the fibers failed, via induced microbuckling. He
used microbuckling failure models to predict the compressive strength of the carbon fiber
rods with reasonable agreement between theory and experiment.
Wisnom [8] researched composite carbon fiber rods with tension over-wrapping
using high-strength aramid fiber. He showed that wrapping the composite rods produces
compressive stresses in the composite which have to be overcome before transverse
failure can occur. The over-wrap also suppresses splitting under impact loading and
leads to greatly improved residual compressive strength. He also observed that the
concept of over-wrapping with tensioned aramid fiber leads to a highly damage-tolerant
form of carbon-fiber composite and opens up new possibilities for exploitation of the

4

material. He suggests the concept could be incorporated into built-up members to
produce highly damage-tolerant structures.
Studies of the effects of imperfections on strength have been completed by Hipp
[10], Hsiao [11], and others. Hipp performed a micromechanics analysis on filament
wound circular cylindrical shells to determine the mechanical behavior of regions
containing tow cross-overs, a defect intrinsic to the filament winding process and
comparable to fiber tow cross-overs in the joints of IsoTruss™ grid structures. He
showed that the extensional and bending stiffness of the laminate are significantly
reduced in tow cross-over regions. Hsiao [11] predicted elastic properties and
compressive strength as a function of fiber waviness and verified the predictions with
tests. He showed that in unidirectional composites both major Young’s modulus and
compressive strength are degraded with severity increasing proportional to the fiber
waviness.
Compression tests of IsoTruss™ grid structures were performed and documented
by Weaver [5], McCune [2], and Rackliffe [4]. Weaver [5] performed simple
compression tests on IsoTruss™ grid structures manufactured with Akzo Nobel-Fortafil®
3(C) continuous carbon fiber and Shell Epon® resin 826 with Shell Epi-Cure® curing
agent 9551. The specimens exploited autoclave consolidation and revealed that
longitudinal members control compressive behavior.
McCune [2] performed compression tests on 8-node, 5 inch (12.7 cm) diameter
IsoTruss™ grid structures manufactured with 12K T300 C 200 NT carbon fiber and Shell
Epon® 826 resin with Shell Epi-Cure® curing agent 9551 consolidated by hand tying
with Kevlar® fiber. The specimens contained a fiber volume fraction 14% lower than
autoclaved specimens. The average ultimate stress value of these structures is 33.0 ksi
(228 MPa).
Rackliffe [4] performed compression tests on extremely delicate IsoTruss™ grid
structures manufactured with IM7 6K tow carbon fiber preimpregnated with Thiokol
UF3325-95 epoxy resin. The consolidation methods investigated included hand tying the
members with Kevlar® fiber versus tying only the joints with Kevlar® fiber. The
specimen consolidated by hand tying using Kevlar® fiber demonstrated the greatest
compression strength.
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This investigation is pioneering the research effort to minimize strength reduction
of IsoTruss™ grid structures due to localized problem areas resulting from poor
consolidation and inefficient tow intersection patterns at the joints. The results obtained
will prove invaluable in application to automated IsoTruss™ grid structure
manufacturing methods.
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CHAPTER 2 - EXPERIMENTAL APPROACH
This chapter gives a detailed description of the experimental approach for this
research. The test parameters of tow intersection pattern at the joint and methods of
consolidation are detailed. The test matrix is described and the notation used throughout
the thesis to describe the specimens is given. A description of the testing device and the
data acquisition software is included.

2.1. GENERAL DESCRIPTION OF EXPERIMENT
All test specimens were fabricated using TCR T300C 200NT 12K tow carbon
fiber pre-impregnated with Thiokol UF3325-95 epoxy resin for the tows in each
longitudinal and helical member. Specimens consolidated using a braided or coiled
sleeve and specimens consolidated by cinching at the joint used Twaron 2200 8050 4K
tow aramid fiber pre-impregnated with Thiokol UF3325-95 epoxy resin for the tows used
to produce the braided or coiled sleeve and the cinching tows. All specimens contained
36 tows in each longitudinal member. Specimens with joints used 14 tows in each helical
member. All specimens consolidated using a braided sleeve used 6 tows to produce the
sleeve. Specimens consolidated using a coiled sleeve used 3 tows to produce the sleeve.
Each longitudinal tow was subjected to 5.0 lb. (22.2 N) of tension during fabrication and
curing. Tension of the tows in helical members was maintained by periodic tightening of
the spools during fabrication. The braiding and coiling tows were subjected to 5.0 lb.
(22.2 N) of tension, except for five of the specimens which 10.0 lb. (44.5 N) of tension
was applied to each braiding tow. The tensile force applied to the cinching tows was 10.0
lb. (44.5 N).
The configuration of each specimen matched an individual joint in an 8-node
IsoTruss™ grid structure with a 16.25 in. (41.3 cm) outer diameter and 8 in. (20.3 cm)
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bay length (see Figure 2.1). The specimens were cured following the recommended cure
cycle for the resin system (see Section 4.3). The specimens were cut to 3.0 in. (7.6 cm).
After being mounted into the end fixtures, the unsupported length of the specimens was
approximately 1.5 in. (3.8 cm). Cross-section and fiber volume measurements were
performed using LECO microscopes coupled with IA32 software. The final diameter of
the individual members depended on the quality of consolidation.

Figure 2.1 Joint Configuration

Precise set-up and testing procedures were followed so as to not vitiate test
results. A repeatable set-up process was accomplished using specifically designed jigs
for cutting and mounting of specimens into end pieces (see Section 4.4). All tests were
performed using a 20,000 lb. (88,964 N) Instron Universal Testing Machine. Data
acquisition was standardized by MTS TestWare SX software installed on the testing
machine.
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2.2. EXPERIMENTAL VARIABLES
2.2.1

TOW INTERSECTION PATTERN
At the joints of IsoTruss™ grid structures, helical members and longitudinal

members cross paths providing an opportunity for interlocking. This crossing is achieved
by either encapsulating the tows of the longitudinal member with the tows of the helical
members, or by interweaving the tows of the helical members between the tows of the
longitudinal members. Various patterns of encapsulating and interweaving are possible.
In an effort to understand the range of behavior of most patterns, two extremes of
encapsulating and interweaving were investigated in this research. These two tow
intersection patterns are labeled in this research as encapsulated joints and interwoven
joints.

2.2.1.1 ENCAPSULATION
Specimens with encapsulated joints consist of all tows in the helical members
traversing around the tows of the longitudinal member, while interlocking with the tows
of the helical members traveling in the opposite direction. A schematic of the
encapsulating paths of tows in the helical members are shown in Figure 2.2. The grey
paths in the figure represent individual tow paths for tows in the helical members.

Figure 2.2 Enlarged Schematic of a Cross-Section of an Encapsulated Joint
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2.2.1.2 INTERWEAVING
Specimens with interwoven joints consist of all tows of the helical members
passing in between the maximum dispersed tows in the longitudinal members; crossing
and interlocking with tows of the helical members traveling in the opposite direction
while in between tows of the longitudinal members. A schematic of the interweaving
paths of the tows in the helical members are shown in Figure 2.3. The grey paths in the
figure represent individual tow paths for tows in the helical members.

Figure 2.3 Enlarged Schematic of a Cross-Section of an Interwoven Joint

Specimens were also fabricated that consist of a longitudinal member without
helical members. These specimens are labeled in this research as specimens without
joints. Compression test results for specimens with encapsulated and interwoven joints
were compared to results from the specimens without joints.

2.2.2

CONSOLIDATION METHODS
Consolidation of the IsoTruss™ grid structure members and joints minimizes

strength reductions caused by gaps due to mechanical interlocking of crossing fiber tows.
This research investigates the effect of various consolidation methods on the compressive
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strength of joints in IsoTruss™ grid structures. The specimens fabricated for the tow
interweaving patterns described in 1.3.1 were consolidated using various methods. The
consolidation methods investigated were: 1) braiding a sleeve over the member and joint;
2) wrapping a coiled sleeve over the member and joint; 3) spirally wrapping a Kevlar®
fiber tow sparsely around the member and tying at the joint; 4) wrapping a Dunstone
Polyester Hi-Shrink Tape sleeve over the member and joint; 5) twisting the entire bundle
of tows in the longitudinal member; and, 6) cinching the longitudinal members above and
below the joints using pre-impregnated aramid fiber. These methods of consolidation
were used to consolidate the tows of the longitudinal members and joints of each
specimen. The helical members for all specimens were consolidated by spirally handwrapping Kevlar® fiber sparsely around the helical member as close to the joint as
possible, except for the specimens consolidated using a polyester shrink tape sleeve, in
which the sleeve was used to consolidate the helical members also.

2.2.2.1 BRAIDED SLEEVE
A specially-designed machine with an automated braiding system (see Chapter 3)
was used to make the specimens consolidated by braiding a sleeve over the member and
joint. During fabrication, the braiding tows wrap around the tows of the longitudinal
members in a Maypole pattern. This same pattern continues around the joint. A tensile
force of 5.0 lb. (22.2 N) was applied to each braiding fiber tow in all specimens, except
for five specimens with an interwoven tow interweaving pattern which were fabricated
using 10 lb. (44.5 N) of tension each.
Equations defining the braid sleeve geometry are defined by Popper [12]. The
yarn volume fraction, Vb is defined as:

Vb = 1 − 1 − F
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(2.1)

where F is the cover factor defined by the fraction of the projected area covered by
braiding tows. The braid angle, θ, is defined as the angle between the braiding tows and
the longitudinal axis of the braided part (see Figure 2.4).

Figure 2.4 Schematic Diagram of Braid Angle

The braid angle is a function of several parameters and is defined by Popper [12]
as:

cosθ =

wN b
2πVb D

(2.2)

where w is the braiding fiber tow width, Nb is the number of braiding tows, and D is the
diameter of the part being braided.
For this research, six braiding tows were used (Nb = 6), and a cover factor of 1
was desired (F = 1). Measurements of the braiding tows were taken resulting in an
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average width of 0.135 in. (0.34 cm). The diameter, D, of the part being braided depends
on the number of tows used for the longitudinal member, which was 36 in this case,
resulting in a nominal diameter of 0.225 in (1.45 cm) based on a fiber volume fraction of
65 percent. Using these values in Equations 2.1 and 2.2 yields a braid angle for the joint
specimens of 54.9 degrees; thus, a 55.0 degree braid angle was used for the test
specimens. A joint specimen consolidated by braiding is shown in Figure 2.5.

Figure 2.5 Specimen Consolidated with a Braided Sleeve

The braided sleeve method of consolidation of IsoTruss™ grid structure joints has
many benefits. Braiding using tensioned fiber tows enhances consolidation of members
between joints by squeezing the tows of the longitudinal member together for
consolidation. Tensioned braiding tows reduce the size of gaps at the joint by
consolidating the joint inside the braided sleeve. The braided sleeve acts as protection
against impact damage of the specimen (see Wisnom [8]), and potentially increases
fatigue life. The braided sleeve also provides local transverse support for individual
members. The braided sleeve consists of interlocked tows that cannot unwind or loosen
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when subjected to loads, increasing strength. Thus, the joints are properly consolidated
and protected using this method.
Difficulties with this consolidation method arise due to the fact that it requires
automated manufacture of the part. New automated manufacturing methods are being
designed and built currently that will incorporate braided sleeves as a method of
consolidation for IsoTruss™ grid structures.

2.2.2.2 COILED SLEEVE
The automated braiding system of the specimen fabricating machine used for the
specimens consolidated with a braided sleeve was used to fabricate the specimens
consolidated by wrapping a coiled sleeve over the members and joints of the specimens.
The braiding system of the machine was used with only three braiding tows, all traveling
in the same direction around the tows of the longitudinal members, resulting in a coiled
sleeve. 5.0 lb. (22.2 N) of tension was applied to each coiling tow.
As for the braided sleeve specimens, measurements of wrapping tows were taken
resulting in an average width of 0.135 in. (0.34 cm). Likewise, the desired diameter, D,
and cover factor, F, for the specimens was the same as the specimens consolidated by
braiding a sleeve. As a result, the angle of the coil is equal to the angle of the braid, 55.0
degrees. A schematic of the coil angle is shown in Figure 2.6.
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Figure 2.6 Schematic of Coil Angle

Although simpler than braiding, a coiled sleeve should provide some of the same
benefits. Tensioned wrapping fiber tows squeeze tows of the longitudinal member
together for consolidation. The coiled sleeve also provides a protective fiber layer around
individual members of the IsoTruss™ grid structure, potentially increasing damage
tolerance, although this may be limited by the possibility of the coiled sleeve unraveling.
Coiled sleeves require similar equipment to manufacture as the braided sleeve. A
joint specimen consolidated by a coiled sleeve is shown in Figure 2.7.
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Figure 2.7 Specimen Consolidated with a Coiled Sleeve

2.2.2.3 SPARSE SPIRAL KEVLAR® WRAP
Sparse spiral hand-wrapping of the specimens was accomplished by using a
sewing needle wrapped with Kevlar® fiber. Scoresby [1] details consolidation of
IsoTruss™ grid structures using this method. The person consolidating the fibers spirally
wraps the fiber sparsely around the members and ties the joints using the needle wrapped
with Kevlar®. A concerted effort must be made to ensure good consolidation of the tows
at the joints by maintaining constant tension on the Kevlar® fiber.
Spirally hand-wrapping Kevlar® fiber sparsely around IsoTruss™ grid structure
members and joints is done fairly easily, although it is a labor-intensive process. The
finished product contains visible gaps, and the quality of consolidation depends upon the
person wrapping the fibers. Meticulous effort is required to produce a high quality
specimen using this method of consolidation. The time required for consolidation using
this method discourages mass production of the structure. This method is susceptible to
kinking of fiber members due to non-uniform pressure caused by the Kevlar® fibers. A
specimen consolidated using this method is shown in Figure 2.8.
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Figure 2.8 Specimen Consolidated using a Sparse Spiral Kevlar® Wrap

2.2.2.4 POLYESTER HI-SHRINK TAPE SLEEVE
This method of consolidation was accomplished by spirally wrapping Dunstone®
polyester hi-shrink tape around the members and joints of the specimens to form a sleeve.
Tension is maintained on the shrink tape as it is spirally wrapped over the member and
joint. Full, uniform coverage of the sleeve is required to achieve proper consolidation.
During curing of the structure, the tape shrinks, squeezing the fiber tows together
consolidating the specimen members and joints. This method of fabrication is detailed by
Rackliffe [4].
Prior to wrapping the sleeve using polyester shrink tape, the specimens were
wrapped with Glad® Cling Wrap. The purpose of pre-wrapping with Cling Wrap is to
facilitate shrink tape removal after the specimen has been cured. Cling Wrap must be
applied with caution so as to not get caught between fiber tows. If this occurs, the fiber
tows become vulnerable to de-lamination.
Consolidation using a polyester shrink tape sleeve results in smooth, aesthetically
pleasing joints and members. Polyester shrink tape is easily accessible and inexpensive.
However, careful application of shrink tape is required to ensure proper consolidation,
making this method labor-intensive, especially in removal of the shrink tape. This
17

discourages mass production. If the hi-shrink tape is applied non-uniformly, kink bands
can occur in the consolidated member, reducing strength. A specimen consolidated using
a polyester shrink tape sleeve is shown in Figure 2.9.

Figure 2.9 Specimen Consolidated using a Polyester Shrink Tape Sleeve

2.2.2.5 TWISTED MEMBERS
The specimen fabricating machine was used to consolidate the specimens
consolidated by twisting the entire bundle of tows in the longitudinal member. The tows
of the longitudinal members were twisted around the central longitudinal axis by turning
the longitudinal tow guide plate the desired rotation per length. The twisting of the
longitudinal member causes the individual tows to squeeze together as they spiral around
the longitudinal axis. This squeezing consolidates the tows and also supports the tows in
the transverse direction.
The twist required to consolidate longitudinal members alone is much less than
the twist required for the longitudinal and helical members at the joint. The gaps caused
by interlocking fiber tows at the joint must be minimized, requiring significantly more
twist than that required in the members alone. The rate of twist used for the specimens
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consolidated by twisting was 180° /in. (70.9 ° /cm.). Additional specimens without joints
were fabricated using a rate of twist of 24 ° /in (9.44 ° /cm.). Although specimens with
this reduced twist performed better in strength tests, such minimal twist would not be
sufficient to consolidate a specimen with an interwoven joint.
Consolidation by twisting is a basic process that can be incorporated into most
automated IsoTruss™ grid structure machines. Twisted members subjected to large
compression loads are susceptible to un-twisting of the fiber tows. This method of
consolidation may be adequate for the non-load bearing members in IsoTruss™ grid
structures depending on its application. A specimen consolidated by twisting the tows of
the longitudinal members is shown in Figure 2.10.

Figure 2.10 Specimen Consolidated by Twisting the Longitudinal Member

2.2.2.6 CINCHED JOINTS
Aramid pre-impregnated fiber tows were used to cinch the longitudinal members
at the joints in the specimens consolidated by cinched joints. The cinching tows were
wrapped around the tows of the longitudinal members just above and below the joint. A
tensile force of 10.0 lb. (44.5 N) was applied to the cinching tows. The cinching tows
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cinched the longitudinal members tight for consolidation just above and below each joint.
Kevlar® fiber was wrapped around the longitudinal member once in between joints.
A specimen consolidated by cinching the joint is shown in Figure 2.11.

Figure 2.11 Specimen Consolidated by Cinching the Longitudinal Member at the
Joint

This method of consolidation is a model of proposed methods of consolidation for
the IsoTruss™ grid structure. This method is comparable to sparse spiral wrapping, but
could be completely automated, decreasing consolidation time. The labor-intensiveness
would then be removed from the process. One disadvantage to this method is that the
longitudinal member is only consolidated above and below the joints. The spiral wrap
from joint to joint does not consolidate the member sufficiently. In addition, the cinching
of the members at the joints caused kinking in the fibers resulting in stress concentrations
that lead to pre-mature failure.
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2.3. TEST MATRIX
The initial test matrix investigated includes specimens with encapsulated joints,
specimens with interwoven joints, and specimens without joints. All test specimens were
consolidated using one of the six different consolidation methods described in the
previous section and summarized in Table 2.1. The specimens were manufactured in sets
of five for each configuration.

Table 2.1 Compression Test Matrix of IsoTruss™ Grid Structure Joints
Tow Interweaving Pattern
Method of Consolidation
Encapsulated
Interwoven No Joint
Braided Sleeve
#
5
5
5
[Ts= 5.0 lb (22.2 N),
36/14
36/14
36/0
LT /HT
q= 55, N s= 6]
Braided Sleeve
#
5
[Ts= 10.0 lb (44.5 N),
LT /HT
36/14
q= 55, N s= 6]
Coiled Sleeve
#
5
5
5
[Ts= 5.0 lb (22.2 N),
LT /HT
36/14
36/14
36/0
q=55, N s= 3]
Sparse Spiral Wrap
#
5
5
5
36/14
36/14
36/0
[3 Wraps / in.]
LT /HT
Polyester Shrink Tape
#
5
5
5
LT /HT
36/14
36/14
36/0
Sleeve
Twist
#
5
5
5
36/14
36/14
36/0
LT /HT
[180° /in (70.9 °/cm)]
Twist
#
5
36/0
LT /HT
[24° /in (9.44 °/cm)]
Cinched Member
#
5
LT /HT
36/14
[Tc = 10.0 lb (44.5 N)]
T s = Tension of tows of sleeve, T c = Tension of cinching tows L T = Num ber of tows in longitudinal
m em ber, H t = Num ber of tows in helical m em ber, N s = Num ber of tows in the sleeve, q = Braid angle

2.4. SPECIMEN NOTATION
In accordance with established IsoTruss™ naming convention [1], the basic
specimen definition notation for the IsoTruss™ grid structures from which the specimens
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in this research are manufactured is 8SC16.25d8b36L14H. This notation designates an 8node Single grid configuration manufactured using Carbon fiber with a 16.25 inch outer
diameter, an 8 inch bay length, 36 tows in each Longitudinal member, and 14 tows in
each Helical member. The specimen naming scheme described below is a suffix to this
notation. This suffix notation is needed to describe specific tow intersection pattern at
the joint, consolidation method, braiding and coiled sleeve notation, and twist parameters.
Table 2.2 is a description of the suffix notation parameters.

Table 2.2 Definition of Suffix Notation
Parameter
Tow Interweaving Pattern at Joint

Consolidation Method

Additional Notation for Sleeve (S)
Sleeve Material (M)
Number of Tows in Sleeve
Sleeve Tow Tension [lbs/tow]
Additional Notation for Twist (R)
Rate of Twist [degrees per in]
Specimen Number

Options
Encapsulated
Interwoven
None
Braided Sleeve
Coiled Sleeve
Sparse Spiral Kevlar® Wrap
Polyester Shrink Tape Sleeve
Twisted Members
Cinched Joints
Carbon/FiberGlass/Aramid
n*
n*
n*
n*

Notation
EJ
IJ
NJ
BS
CS
SK
PS
TM
CJ
-MSn tnT
C/G/A
nt
nT
-n R
n
-n

*n represents the actual quantity of the param eter

In written form, the specimen notation begins at the top of the table, until each
parameter is defined for the specimen. As an example consider the specimen IJBSAS6t5T-2. Reading from left to right, this specimen is defined as having an Interwoven
tow interweaving pattern at the Joint consolidated using a Braided Sleeve. The sleeve is
an Aramid Sleeve with 6 braiding tows, each with 5 lb. of Tension. The notation
indicates that the specimen is the 2nd joint specimen fabricated in its set starting from the
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top of the longitudinal member. The test matrix including the additional specimens
utilizing this notation is shown in Table 2.3.

Table 2.3 Test Matrix Utilizing Condensed Notation
Consolidation
M ethod

Encapsulated

Braided Sleeve

EJBS-AS6t5T-n

Coiled Sleeve

EJCS-AS3t5T-n

IJCS-AS3t5T-n

NJCS-AS3t5T-n

Sparse Spiral
Kevlar® Wrap

EJSK-n

IJSK-n

NJSK-n

Polyester Shrink
Tape Sleeve

EJPS-n

IJPS-n

NJPS-n

Twisted M ember

EJTM-180R-n

Cinched Joint

Local Joint Geometry
Interwoven
No Joint
IJBS-AS6t5T-n
NJBS-AS6t5T-n
IJBS-AS6t10T-n

IJTM-180R-n
IJTM-24R-n

NJTM-180R-n

IJCJ-n

2.5. TEST PROCEDURE
This section describes the test procedure used to investigate the compressive
strength of joints in IsoTruss™ grid structures. The testing apparatus, data acquisition
system, and data reduction method are explained. Test procedures followed ASTM
Designation D 3410/D 3410M-95 [13].

2.5.1 TEST SET-UP
Each individual joint test specimen was tested to failure in pure compression in an
Instron Universal Testing Machine Model 1321 [Figure 2.12] equipped with hydraulic
grips. The specimens were mounted in end fixtures that were gripped by the machine.
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The compressive force of the machine was transferred through shear between the grips
and end fixtures to the test specimens. Control of the test machine was accomplished
using the MTS Test Star machine control software. Testing was deflection controlled
using a rate of 0.007 in/min. (0.0178 cm/min.). A schematic of the testing set-up
showing test machine grips, end fixtures, and a test specimen is shown in Figure 2.13.

Figure 2.12 Universal Instron Testing Machine Model 1321
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Figure 2.13 Schematic of Test Set-up Showing Hydraulic Grips, Steel End Fixtures,
and Test Specimen

2.5.2

DATA ACQUISITION
The strain of each specimen was measured using an MTS 634.12E-24

Extensometer. The load, deflection, and strain measurements were recorded using the
MTS TestWare SX data acquisition software.

2.5.3

DATA REDUCTION
The load, deflection, and strain data were imported into a Microsoft EXCEL XP

spreadsheet for analysis. The extraneous measurements that were recorded before the
load was applied and after the specimen failed were discarded. The stress values for all
of the specimens were calculated using the standard axial stress equation given in Gere
[15] as:
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σ =

P
A

(2.3)

where P is the axial load on the specimen and A is the axial cross-sectional area of the
specimen. The average stress value for each set of specimens was calculated by
averaging the individual stress values obtained for each individual specimen of that set.
The cross-sectional area measurements for this research include the area of fiber, resin,
and voids (i.e., the composite area). Calculating the nominal area of the specimens is
another method for obtaining cross-sectional area. The nominal area for the specimens is
calculated by multiplying the number of tows in the longitudinal member by the given
area per tow divided by the fiber volume fraction. Stress values for specimens were
calculated by dividing load by the cross-sectional area of each specimen. Load versus
deflection and stress versus strain curves were plotted for each specimen.
Elastic modulus values were obtained from the stress versus strain plots using a
least squares fit of the linear data region. Data files were further reduced by a macro
written in Visual Basic by Jones [14] that creates data with constant deflection or strain
steps and corresponding load or stress measurements. This refinement of the data
facilitated averaging of load versus deflection and stress versus strain curves.

2.6. CHAPTER SUMMARY
This chapter detailed the parameter of tow intersection pattern at the joint, which
for this research is defined as either encapsulated joints or interwoven joints. These tow
intersection patterns are extreme patterns tested in an effort to understand the range of
behavior of most patterns.
Consolidation methods for the individual joint specimens tested in this research
were described in this chapter. The consolidation method used to manufacture
IsoTruss™ grid structures determines the quality of the structure. The known advantages
and disadvantages of these consolidation methods were discussed. Test results are used
to evaluate, compare, and validate these consolidation methods.
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The exact test matrix used for this research and the standard Isotruss™ specimen
naming convention was described. The test procedures and data reduction process were
detailed in this chapter. Proper testing is imperative in obtaining reliable results.

27

28

CHAPTER 3 – SPECIMEN FABRICATING MACHINE
The purpose of the specimen fabricating machine was to enable automated
fabrication of a set of joint specimens with consistent quality. The finished machine
fabricates a single longitudinal member of an IsoTruss™ grid structure including the
intersections with the helical members (joints). The sets of joint specimens fabricated
were 1/8th of an 8-node IsoTruss™ grid structure. A drawing of multiple joint specimens
as part of an 8-node IsoTruss™ grid structure is shown in Figure 3.1. The machine
components were specifically designed to produce the required specimens with the
proper geometry and dimensions. This chapter details the design, fabrication, and
functions of the specimen fabricating machine.

3.1

DEFINITION AND DESCRIPTION OF MACHINE SUB SYSTEMS
To fabricate the desired specimens, the machine required several different

systems that performed specific functions during the fabrication process. The machine
consisted of a support system, fiber connection and guide system, braiding system,
tensioning and weight system, automation system, and curing system. Each system is
detailed in this chapter. A schematic of the machine showing the various sub systems is
shown in Figure 3.2.
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Figure 3.1 Drawing of Multiple Joint Specimens in the IsoTruss™ Grid Structure

Figure 3.2 Schematic of Machine Identifying Various Sub Systems
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3.1.1

SUPPORT SYSTEM
The purpose of the support system is to support the fibers, braiding mechanism,

automation system, tension and weight system, and curing system of the specimen
machine. The support system is composed of three basic parts: a table support structure,
tabletop (base plate), and Acme threaded cross-plate supporting rods.
The table support structure is composed of table legs and lateral supports. The
table legs were cut from 4 x 4 cedar posts. Lateral supports made from wood 2 x 4’s
connected the four table legs together. The lateral supports were attached to the table
legs flush with the top of each leg and at 10 in. (25 cm) from the bottom of each table leg.
Lateral stability was required to support moving parts during the consolidation process.
The table legs and lateral supports were connected using standard wood screws.
The tabletop was made from a 60.0 x 30.0 x 1.0 in. (152.0 x 76.0 x 2.5 cm) piece
of aluminum. Four holes were centered and drilled directly over the table legs. Lag
screws were used in the holes to fasten the tabletop to the table legs. The tabletop
required a specialized design and is referred to as the base plate for the braiding system,
automation system, and Acme threaded cross-plate supporting rods. A 13.0 in. (33 cm)
diameter hole was cut in center of the base plate. A 0.5 in. (1.3 cm) wide, 0.25 in. (0.64
cm) deep shoulder was milled at a diameter of 14.0 in. (35.6 cm) from the center of the
base plate and provides a support for the guide plate of the tows of the longitudinal
member. A drawing of the base plate with dimensions is shown in Appendix A.
Two 1.25 in. (3.18 cm) diameter holes were drilled 44.0 in. (111.8 cm) apart and
22.0 in. (55.9 cm) off center of the base plate. Shoulders 0.59 in. (1.5 cm) deep were
then milled into the base plate at each hole sized for a press fit of a 2.05 in. (5.2 cm) outer
diameter NACHI 6205ZZE bearing. The NACHI bearings were then pressed into the
base plate at these two locations. The two holes and bearings provide the primary
connection for the Acme threaded cross-plate supporting rods. The bearings are shown in
Figure 3.3a. A drawing of the bearing design is shown in Appendix A.
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(a)

(b)

Figure 3.3 Acme Rod & Base Plate with Bearings: a) Above Base Plate; and, b)
Below Base Plate

Four holes were drilled and tapped around a 2.25 in. (5.7 cm) diameter circle for
each of the two Acme supporting rod holes in the base plate. The holes support 0.375 in.
(0.95 cm) diameter allen screws that connect secondary Acme rod supports to the base
plate. The secondary supports are aluminum blocks 3.50 x 3.50 x 4.875 in. (8.89 x 8.89 x
12.38 cm) with a 1.0 in. (2.54 cm) diameter hole drilled through the center of the long
axis of each block. At the bottom of each block, an inverted shoulder 0.59 in. (1.5 cm)
deep was milled on center into the support for a press fit of another NACHI 6205ZZE
bearing. These bearings provide a secondary support point for the Acme threaded crossplate supporting rods located 4.7 in. (11.9 cm) below the bearings in the base plate. The
secondary support block and NACHI bearing are shown in Figure 3.3b.
Eighteen 0.75 in. (1.90 cm) diameter holes were drilled in the base plate around a
20.155 in. (51.19 cm) diameter circle. Shoulders were milled 0.394 in. (1.0 cm) deep into
the aluminum base plate at each hole sized for a press fit of a 1.26 in. (3.2 cm) outer
diameter SKF 6201 JEM bearing. The SKF bearings were pressed into the base plate at
these eighteen locations. The holes and bearings provide the primary connection for the
braid guiding star supporting rods.
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Four connection holes were drilled and tapped into the base plate to fit 0.5 in.
(1.27 cm) diameter support bolts. The support bolts hold a 0.375 in. (0.95 cm) thick
secondary support plate horizontal beneath and parallel to the base plate. The support
plate is separated from the base plate by four 2.6 in. (6.6 cm) spacers. The spacers are
1.0 in. (2.54 cm) diameter aluminum rods with a 0.5 in. (1.27 cm) diameter center drilled
hole. The spacers and support plate are shown in Figure 3.4.
A center hole with a diameter of 15.0 in. (38.1 cm) was drilled into the support
plate. Eighteen 0.475 in. (1.2 cm) diameter holes were drilled through the support plate
around a 20.155 in. (51.19 cm) diameter circle (see Figure 3.4). When the support plate
is connected to the base plate, the eighteen holes are aligned vertically with the bearing
holes in the base plate. The braid guiding star supporting rods extend from the SKF
bearings in the base plate to the support plate, providing a secondary support point for the
rods that is 3.2 in. (8.13 cm) below the main support point.

Figure 3.4 Secondary Support Plate and Spacer

Two 1.25 in. (3.18 cm) diameter Acme threaded cross-plate supporting rods were
connected to the base plate at the NACHI bearing supports in the base plate. One rod is
67.75 in. (172.0 cm) long with the bottom 7.75 in. (19.7 cm) turned down to press fit the
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diameter of the NACHI bearings. A hole was drilled into the bottom of this rod on its
longitudinal axis to fit the drive shaft of a Dayton DC Gear Motor. Two holes for set
screws were drilled and tapped near the bottom of the rod in the transverse direction. The
threaded portion of the rod rests on the NACHI bearing in the base plate (see Figure
3.3a). The other rod is 72.0 in. (182.9 cm) long with the bottom 12.0 in. (30.5 cm) turned
down to press fit the diameter of the NACHI bearing. The threaded portion also rests on
the NACHI bearing in the base plate. The top 1.0 in. (2.54 cm) of both rods were milled
to press fit a Martin 35BS18 7/8 in. (2.22 cm) chain sprocket. A keyway was milled in
the top 1.0 in. (2.54 cm) of each rod to match the keyway in the chain sprockets. An
HKK #35 chain is connected to the sprockets.
A deflection reducing aluminum support channel 48.0 in. (121.9 cm) long spans
from the top of one cross-plate supporting Acme threaded rod to the other. The height of
both flanges is 1.5 in. (3.8 cm). The width of the web is 2.5 in. (6.35 cm). The webs and
flanges are 0.125 in. (0.32 cm) thick. This supporting channel functions to keep the
threaded rods 44.0 in. (111.8 cm) apart at the top. Initially, there was no supporting
channel and as torque was applied to the driving rod and transferred through the chain to
the second rod, the rods deflected towards each other causing the chain to derail. This
problem was solved using the support channel. The support channel, sprockets, and
chain are shown in Figure 3.5.

Figure 3.5 Acme Rod Support Channel, Sprockets, and Chain
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3.1.2

FIBER CONNECTION AND GUIDE SYSTEM
The fiber connection and guide system established the correct paths for the

longitudinal and helical fiber tows. The fiber connection and guide system consisted of
five parts: 1) cross-plate, 2) diameter reducer, 3) guide plate for tows of the longitudinal
member, 4) helical member guide system; and 6) helical spool supports.
The cross-plate is used to connect the fibers to the machine and to assist in the
consolidation process. The cross-plate is a 50.0 x 6.0 x 0.75 in. (127 x 15.2 x 1.9 cm)
piece of aluminum. The cross-plate spans from one Acme threaded cross-plate
supporting rod to the other. Holes with a diameter of 1.375 in. (3.5 cm) were milled in
the cross-plate 22.0 in. (55.9 cm) on center and 44.0 in. (111.8 cm) apart. The Acme
threaded cross-plate supporting rods pass through these holes. The cross-plate is shown in
Figure 3.6. A design drawing of the cross-plate is shown in Appendix A.
The cross-plate is connected to the Acme rod by a steel connection piece. The
steel connection piece is a 6.0 x 5.5 x 0.25 in. (15.3 x 14.0 x 0.64 cm) steel plate. A
1.375 in. (3.5 cm) diameter hole was drilled through its center and a steel 2 in. (5.1 cm)
Acme nut was centered over the hole and welded to the steel plate. Four connection
holes were drilled in the steel plate and on both ends of the cross-plate in a 4.0 x 3.5 in.
(10.2 x 8.9 cm) rectangular pattern. The connection is fastened to each end of the crossplate using 0.375 in. (0.95 cm) diameter bolts and nuts. The cross-plate connection is
shown in Figure 3.7.

Figure 3.6 Cross-Plate and Supporting Acme Rods
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Figure 3.7 Cross-Plate Connection

The center section of the cross-plate was designed to connect the tows of the
longitudinal member and braiding tows to the machine. Three primary holes were milled
with beveled edges into the center section of the cross-plate. The tows pass through these
holes from underneath and are tied to dowels that fit in the top side of the cross-plate.
The center hole has a diameter of 1.0 in. (2.54 cm) and is on the centerline between the
two holes in the ends of the cross-plate. The tows of the longitudinal member travel
through this hole. The other primary holes have diameters of 1.0 in. (2.54 cm) and were
milled 3.37 in. (8.56 cm) from the center hole at angles of -22.5 degrees and -157.5
degrees, respectively, from the horizontal axis of the center primary hole. These holes
were used for tow passage through the cross-plate.
Eighteen 0.25 in. (0.64 cm) diameter dowel holes 0.5 in. (1.27 cm) deep were
milled surrounding the center hole. Eight 0.25 in. (0.64 cm) diameter dowel holes 0.5 in.
(1.27 cm) deep were milled surrounding each of the other two primary holes. Four 0.375
in. (0.95 cm) diameter holes were drilled in a 2.25 x 4.0 in. (5.7 x 10.2 cm) rectangular
pattern centered on the center hole through which the helical guide supporting threaded
rods attached to the cross-plate. Two 0.375 in. (0.95 cm) diameter holes were drilled at
2.38 in. (6.05 cm) from the center hole at 22.5 and 157.5 degrees, respectively, from the
horizontal axis of the center primary hole. These holes were used during manufacture of
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the cross-plate and act as ventilation holes during the curing process. The hole pattern
and dowel holes are shown in Figure 3.8.

Figure 3.8 Hole Pattern and Dowel Holes in Cross-Plate

Attached to the bottom side of the cross-plate is the longitudinal member diameter
reducer. The tows of the longitudinal member passing through the center hole in the
cross-plate had a cumulative diameter of 1.0 in. (2.54 cm). The desired specimen
diameter was 0.225 in. (0.57 cm). The diameter reducer reduces the cumulative diameter
of the tows of the longitudinal members to the desired specimen diameter by pushing the
tows together at the diameter reducer which created a starting point for specimen
consolidation and manufacture. The diameter reducer consists of a guide piece,
supporting plate, and two diameter reducing plates. The parts of the diameter reducer are
shown in Figure 3.9.
The guide piece is a 3.0 x 6.0 x 0.5 in. (7.6 x 15.2 x 1.27 cm) piece of aluminum
with a 5.0 x 1.5 in. (12.7 x 3.8 cm) rectangular hole with 0.5 in. (1.27 cm) radius filleted
corners. Four connection holes were drilled in the guide piece at the same spacing as the
helical guide supporting threaded rod holes in the cross-plate. A hole was drilled and
tapped horizontally on each of the shorter sides of the guide piece. Each hole was drilled
and tapped 0.1 in. (0.25 cm) off center vertically, on one side being offset towards the top
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and on the opposite side being offset towards the bottom. Flat head screws screw into
these holes to push the reducing plates back and forth. The primary purpose of the guide
piece is to contain and guide the reducing plates during the diameter reducing process.

Figure 3.9 Reducing Plates, Supporting Plate, and Guide Plate of Diameter
Reducer

The supporting plate is a 3.0 x 6.0 x 0.065 in. (7.6 x 15.2 x 0.165 cm) aluminum
plate attached to the guide plate by nuts that travel along the helical guide supporting
threaded rods. A 1.0 in. (2.54 cm) diameter hole was drilled in the center of the plate
along with 0.375 in. (0.95 cm) diameter holes matching the pattern in the guide plate.
The supporting plate supports the two reducing plates vertically. A better design would
have integrated the guide piece and supporting plate into one single support and guide
piece for the reducing plates.
The reducing plates are 1.5 x 3.5 x 0.25 in. (3.81 x 8.9 x 0.64 cm) pieces of
aluminum. Two of the four corners were filleted to a 0.5 in. (1.27 cm) radius, matching
the guide plate. A tear shape hole was milled into each plate by drilling a 1.0 in. (2.54
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cm) diameter hole and a 0.25 in. (0.64 cm) hole adjacent to each other as the tear shape
boundaries. The center of the 1.0 in. (2.54 cm) diameter part of the tear shaped hole is
1.0 in. (2.54 cm) from the un-filleted side. The center of the 0.25 in. (0.64 cm) hole is
1.61 in. (4.1 cm) from the un-filleted side.
The reducing process begins with the reducing plates stacked and aligned inside
the guide piece in opposite directions with the bigger portion of the tear holes aligned
vertically forming a 1.0 in. (2.54 cm) diameter hole through the diameter reducer (see
Figure 3.10a). The tows of the longitudinal member and braiding tows travel through this
hole and through the cross-plate connecting to the upper side of the cross-plate. The
reducing plates are free to move in the direction of their long axis. To reduce the
diameter, the screws in the guide piece screw in pushing the reducing plates together. As
the reducing plates are pushed together, the small portion of the tear holes gradually
becomes aligned vertically forming a 0.25 in. (0.64 cm) reduced diameter hole (see
Figure 3.10b). This creates the starting diameter for each specimen.

(a)

(b)

Figure 3.10 Diameter Reducer: a) 1.0 in. (2.54 cm) ; and, b) 0.25 in. (0.635 cm)
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The guide plate for the tows of the longitudinal member is a 13.94 in. (35.4 cm)
diameter circular aluminum plate 0.25 in. (0.64 cm) thick. The guide plate rests on the
14.0 in. (35.6 cm) diameter shoulder in the base plate. The tows of the longitudinal
member travel from the cross-plate through the guide plate and to the weight system.
The guide plate for the tows of the longitudinal member separates the tows to allow for
the helical spools to be manually passed between them during manufacturing of joint
specimens. Forty seven 0.5 in. (1.27 cm) guide holes were drilled in the guide plate.
Twelve holes were drilled symmetrically about 11.00 in. (27.9 cm), 9.00 in. (22.9 cm),
and 7.00 in. (17.8 cm) diameter circles. Six holes were drilled symmetrically about a
5.00 in. (12.7 cm) diameter circle. Four holes were drilled symmetrically about a 3.00 in.
(7.6 cm) diameter circle, and one center hole was drilled. The guide plate for the tows of
the longitudinal member is shown in Figure 3.11.

Figure 3.11 Guide Plate for Tows of the Longitudinal Member

The helical member guide system functions to support the tows of the helical
members during specimen fabrication and supports and guides the tows of the helical
members between joints. The helical spools were manually passed through the tows of
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the longitudinal member to form a joint and were supported by the helical member guide
system before being passed through the tows of the longitudinal member again to form
the next joint. The helical member guide system is composed of helical guide plates, four
helical guide plate supporting threaded rods, and four helical member guiding threaded
rods.
The helical guide plates function as the turn around points for the tows of the
helical members between joints. These plates are 5.25 x 2.0 x 0.25 in. (13.34 x 5.1 x 0.64
cm) aluminum plates. Two 0.5 in. (1.27 cm) diameter helical guide holes were drilled
and beveled in each plate 1.59 in. (4.0 cm) from the long edge and 0.43 in. (1.1 cm) from
the short edge. The material between these holes and the short edge of the plate was
milled out. The resulting shape provides a beveled hook in each plate used to maintain
tension of the tows of the helical members. A top view of a helical guide plate is shown
in Figure 3.12.

Figure 3.12 Top View of a Helical Guide Plate

The guide plates were positioned with respect to the longitudinal member aligned
directly in the path of the helical members. This provided a turn-around point for the
tows of the helical members from which they traveled to the next joint. Two 0.375 in.
(0.95 cm) diameter holes were drilled in the guide plate 1.50 in. (3.81 cm) from each
short side of the plate and 0.5 in. (1.27 cm) from the long side. The 0.375 in. (0.95 cm)
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diameter threaded rods that support the guide plates both vertically and horizontally pass
through these holes. The guide plates are connected to the threaded rods by nuts. On the
bottom side of each guide plate two grooves the width of the nuts were milled from the
hole to the close long side. The guide plate sits on the two nuts in the grooves, locking it
in position. The guide plates are adjusted up or down during manufacture to provide
precise geometry of the desired specimen. The guide plates and threaded rods are shown
in Figure 3.13 supporting the IJCS-AS3t5A set of specimens.

Figure 3.13 Helical Guide Plates and Threaded Rods

Four 0.5 in. (1.27 cm) diameter threaded rods are attached to the cross-plate.
These rods are used to maintain the correct angle of the helical members as they travel
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from the guide plates to their parent spools. The rods connect to18.0 x 2.0 x 0.25 in.
(45.7 x 5.1 x 0.64 cm) aluminum plates that are bolted to the top of the cross plate. The
aluminum pieces position the threaded rods. Two chain links were cut in half and welded
to the bottom and at 18.0 in. (45.7 cm) from the bottom of each rod. The half chain links
provide a rounded surface for the tows of the helical members as they travel from the
specimen to their spools. A rod and link are shown in Figure 3.14 and their supporting
aluminum plates are shown in Figure 3.6.

Figure 3.14 Helical Spool Supports and Helical Guiding Threaded Rod

Helical spool supports are attached to the cross plate on the top of the plate using
the bolts in the Acme rod connection plate. The helical spool supports are 2.0 x 2.0 x
0.125 in. (5.1 x 5.1 x 0.32 cm) L-shaped steel structural members 40.25 in. (102.2 cm)
long. Fourteen 0.125 in. (0.32 cm) diameter holes were drilled in one of the flanges.
Seven holes were drilled at each end at a spacing of 2.0 in. (5.1 cm) starting 1.0 in. (2.54
cm) from the end of the member. Threaded rods with a diameter of 0.125 in. (0.32 cm)
were centered and positioned through each of these holes using nuts. These rods support
the helical spools. The spools have a hole through their longitudinal axis which fits over
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the threaded rods. The spools are tightened to the rods using wing nuts. The spools are
placed on the supports such that as the wing nuts are tightened, the tows are tensioned.
The helical spool supports and tensioned helical fibers are shown in Figure 3.14.

3.1.3

BRAIDING SYSTEM
The braiding system was required for the manufacture of the specimens

consolidated by a braided or coiled sleeve. The braiding system consolidates the tows of
the longitudinal member and the joints by braiding or wrapping additional tensioned tows
around the specimen. The braiding or wrapping fiber tows connect to dowels in the top
side of the cross plate and travel through the cross plate and diameter reducer to the braid
guiding stars and to their tensioning weights.
As the braided sleeve is being fabricated over the tows of the longitudinal
member and joints, the cross-plate is simultaneously raised to provide the correct braid
angle for the specimen. The braid angle calculations are detailed in Section 2.2.2.1 and
motor synchronization calculations are described in Section 3.4. The braiding system
consisted of braid guiding stars, braid guiding star support rods, and gears.

Figure 3.15 Braid Guiding Stars
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Eighteen braid guiding stars were designed and manufactured to guide the
braiding tows. The stars are aligned about a 20.155 inch (51.19 cm) diameter circle. The
braid guiding stars were designed to turn on their central axis with four speciallydesigned arms that pass and catch fibers from adjacent braid guiding stars at precise time
increments. The ends of the arms are beveled and smoothed to keep from cutting or
fraying the fibers as they were passed. During fabrication some fraying occurred.
Fraying of the braiding fibers is reduced by manual assistance to the braiding fibers as
they travel along the paths created by the braid guiding stars. As many as eighteen
braiding tows can be used at one time on the machine. The specimens manufactured for
this research required six braiding fiber tows. Two braid guiding stars are shown in
Figure 3.15. A drawing of the braid guiding star is shown in Appendix A.
Steel rods were used as braid guiding star supports for each of the braid guiding
stars on the machine. The rods are 0.5 in. (1.27 cm) diameter steel rods 24.0 in. (60.96
cm) long. The bottom 4.0 in. (10.2 cm) of each rod was turned down for a press fit of the
SKF 6201 JEM bearings pressed into the base plate. The rods rest on top of the bearings
and extend through the bearings to the holes in the secondary support plate. One of the
braid guiding star rods is 32.0 in. (81.3 cm) in length with the bottom 12.0 in. (30.5 cm)
turned down to fit the SKF bearing. A radial portion of the turned down end was sawn off
creating a flat surface. This rod extends below the secondary support plate and connects
to the motor system. A 2.0 in. (5.1 cm) pitch diameter gear is attached to the rod below
the secondary support plate by a set screw that was set on the flat portion of the turned
down rod [Figure 3.18b]. This gear meshes with a 1.0 in. (2.54 cm) pitch diameter gear
that is rigidly connected to the drive shaft of a Bodine Gear Motor.
The top 0.5 in. (1.27 cm) of each rod was threaded to fit a 0.5 in. (1.27 cm)
diameter fine thread nut with lock washers that connect the braid guiding stars to the
rods. A key notch was milled in each rod just above the bearing rest point. The key
notch supports a small key between the rods and gears. NSS1242 Browning gears are
rigidly connected to the bottom portion of each rod above the bearings using the key and
a set screw.
The longer braid guiding star support rod is driven by the Bodine gear motor. The
Browning gear rigidly attached to the long rod above the bearing drives the adjacent gear
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on the adjacent rod in the opposite direction, which in turn drives its adjacent gear, etc.
This motion continues around the circle of gears, each gear spinning opposite its adjacent
gears, all gears being driven by the Bodine gear motor beneath. The rigid connection
between the spinning gears and the rods caused the rods to spin, which turned the braid
guiding stars. The turning of the braid guiding stars guides the braiding fibers in a
maypole pattern around the tows of the longitudinal member.
During the braiding process, the braiding fiber tows travel around the tows of the
longitudinal member, half clockwise and half counter-clockwise. As they travel around
the tows of the longitudinal member, they weave in and out of each other in a braiding
pattern being guided by the braid guiding stars. The clockwise and counter-clockwise
paths followed by the braiding fiber tows as they are guided by the braid guiding stars are
shown in Figure 3.16. Three clockwise braiding tows travel around the clockwise path
shown. They start on the helical guiding stars located at positions 1, 3, and 5 in Figure
3.16. The counter-clockwise braiding tows start on the same braid guiding stars and
follow the counter-clockwise path shown in Figure 3.16. The clockwise braiding tows
encounter and pass the counter-clockwise braiding tows at positions 1 through 6. At
positions 1, 3, and 5, the clockwise braiding tows pass on the outside of the counterclockwise braiding tows, relative to the center of the circle of braid guiding stars. At
positions 2, 4, and 6, the clockwise braiding tows pass on the inside of the counterclockwise braiding tows. Passing on the inside and outside of opposite traveling tows
creates the braided sleeve.
The braiding system of the machine could be improved by eliminating the braid
guiding stars and their supporting rods and including fiber spool holders with tension
mechanisms that travel on horn gears similar to traditional braiding machines.
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(a)

(b)

Figure 3.16 Paths of Braiding Tows: a) Clockwise; and, b) Counter-Clockwise

3.1.4

TENSIONING AND WEIGHT SYSTEM.
The tensioning and weight system was specifically designed to produce the

required specimens for this research. 5.0 lbs. (22.2 N) of tension was desired for each
tow of the longitudinal member of each specimen. The braiding or wrapping tows
utilized either 5.0 lbs. (22.2 N) or 10.0 lbs. (44.4 N) of tension, as designated.
The tension is provided for the tows in the longitudinal member using pulleys and
weights. Each tow is tied to a dowel that is connected to the top side of the cross plate.
The fiber tow travels through the center hole in the cross-plate, through the diameter
reducer, through the guide plate for the tows of the longitudinal member, and through a
pulley that was connected to a 10.0 lb. (44.4 N) lead weight. After passing through the
pulley the tow passes in the opposite direction through the guide plate, diameter reducer,
cross plate, and ties to a different dowel in the cross plate. Each tow connected to the
machine connects through the tensioning system creating two tows of the longitudinal
member of the specimen supporting a 10.0 lb. (44.4 N) weight resulting in 5.0 lbs. (22.2
N) of tension for each tow of the longitudinal member in the specimen. The pulleys and
weights for the tows of the longitudinal member are shown in Figure 3.17a.
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(a)

(b)

Figure 3.17 Weight System for: a) Longitudinal Tows ; and, b) Braiding Tows

The tension for the braiding or wrapping tows is also provided using weights.
Each braiding or wrapping tow is tied to a dowel connected to the cross pla te and travels
through the diameter reducer to the braid guiding stars and to their spool. The spool for
each braiding or wrapping tow is connected to a lead weight of either 5.0 lbs. (22.2 N) or
10.0 lbs. (44.4 N), depending on the tension requirement for the desired specimen. The
hanging of these weights from the braid guiding stars provides the required tension for
the tows. A spool connected to a 10.0 lb. (44.4 N) weight is shown in Figure 3.17b.

3.1.5

AUTOMATION SYSTEM
The automation system is the syste m that powers the machine. The automation

system is composed of three main parts: 1) Dayton DC 4Z534A Gear Motor; 2) Bodine
Electric Company W1262001 Gear Motor; and, 3) power sources.
The Dayton DC 4Z534A Gear Motor has a maximum speed of 7 revolutions per
minute while using 90 volts and 0.2 amps. The maximum torque of the motor is 50.0 in.lbs. (6 N-m). The motor drive shaft is directly connected to the Acme threaded support
rod. The drive shaft of the motor slid up into the hole drilled in the bottom of the Acme
threaded rod. Two set screws were screwed into the rod against the flat surface of the
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drive shaft, providing a rigid connection. The rotation of the drive shaft provides the
rotation in the Acme threaded rod. The Acme rod turns the other rod by use of the chain
and sprockets described previously. The torque requirements to fabricate the test
specimens and calculations are detailed in Section 3.3.2.
The Dayton DC motor is attached to the bottom of the Acme rod secondary
support by four 0.125 in. (0.32 cm) diameter machine screws. The motor and connection
are shown in Figure 3.18(a).

(a)

(b)

Figure 3.18 Automation System Motors; a) Dayton DC Gear Motor; and, b) Bodine
Gear Motor

The Bodine W 1262001 Gear Motor has a maximum speed of 42 revolutions per
minute using 130 volts and 0.48 amps. The maximum torque of the motor is 40.0 in.-lbs.
(4.5 N-m). A 1.0 in. (2.54 cm) pitch diameter gear is connected to the drive shaft of the
braiding motor. This gear meshes with and drives the 2.0 in. (5.1 cm) diameter gear that
is connected to the long braid guiding star supporting rod. The gear is rigidly connected
to the rod and turns the rod, which turns the gears and consequently all of the rods. The
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torque requirements for the braiding process and calculations are detailed in Section
3.3.2.
The Bodine Gear Motor is connected to the secondary support plate by 0.125 inch
(0.32 cm) diameter machine screws and spacers. The spacers are 0.25 inch (0.635 cm)
diameter steel rods with holes drilled through them axially. The purpose of the spacers is
to position the motor so that the gear on its drive shaft meshes cleanly with the gear on
the braid guiding star support rod. The braiding motor, driving gears, spacers, and long
braid guiding star supporting rod are shown in Figure 3.18(b).
The power source is composed of four power boxes that plug into an AC outlet
and convert AC power to the required DC power for the motors. Each power box
produces a maximum of 40 Volts. The power boxes are connected in series. The voltage
of the motors is increased or decreased using the power boxes to control the motor
speeds. The Acme threaded rod motor is connected to the positive outlet of Power Box 1
and the negative outlet of Power Box 2. This allows for a maximum of 80 volts to the
threaded rod motor. The braiding motor is connected to the positive outlet of Power Box
1 and the negative outlet of Power Box 4. This allows for a maximum of 160 volts to the
braiding motor. The voltages of each box are adjusted to produce the correct ratio
between the cross plate movement and the braiding system. The motor synchronization
calculations are described in Section 3.3.3. A schematic of the power boxes and motors
is shown in Figure 3.19.
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Figure 3.19 Schematic of Power Boxes and Motors

3.1.6 CURING SYSTEM
The curing system for the specimen fabricating machine was designed to enable
the required cure cycle of the resin system. Curing cycle details and curing of the
specimens is described in Section 4.3. The curing system for the specimen fabricating
machine consisted of a heating box, heat source, temperature control system, and a
temperature monitoring system. These parts worked together to produce the desired
curing cycle.
The heating box was made from a 25.0 x 14.5 x 14.5 in. (63.5 x 36.8 x 36.8 cm)
steel box with a lid. The lid was welded to the box, and a square hole 6.0 x 10.5 in. (15.2
x 26.7 cm) was cut in the top of the box perpendicular to the long axis to prevent
interference with the dowels and fibers in the top of the cross-plate. On two of the four
long sides, two holes 6.5 x 1.0 in. (16.5 x 2.54 cm) were cut in the box. These holes
support the box on the cross-plate. A 4.5 x 5.0 in. (11.4 x 12.7 cm) hole was cut into the
bottom of the oven to allow the pass through the bottom of the box and continue to be
connected to the weight system. The box was cut in half along its long axis. Nuts to fit
0.125 in. (0.32 cm) bolts were welded to both halves directly horizontal from each other
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on each half of the box. The two halves of the box are connected together in the curing
position by putting bolts through the nuts. The two halves of the box fit around the
specimens and hang from the cross-plate during curing. The curing box is shown in
Figure 3.20.

Figure 3.20 Heating Box for Curing System

The heat source consists of two broiler heating elements and a charcoal lighting
heating element. The two broiler heating elements are mounted on the inside of each half
of the heating box. During curing these heating elements primarily heated the middle and
top of the box. The charcoal lighting heating element is clamped to the bottom of one
half of the steel box. This element heats the bottom of the box. The heating elements are
shown in Figure 3.21.
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Figure 3.21 Heating Elements and Thermometers Inside the Heating Box

The temperature control system is composed of three variacs that control the
voltage to the heating elements. Two variacs control voltage directly from their dials
ranging from 0 to 140 volts, and the other variac controls voltage using a percentage dial
ranging from 0 to 100 percent of 140 volts. During curing the voltage of the variacs is
gradually increased to raise the temperature in the box at a rate of 5° per minute until the
temperature reaches 310° F [154° C]. The controls on the variacs are monitored and
adjusted in small increments to maintain that curing temperature. After the required time
of curing, the voltage of the variacs is gradually decreased to lower the temperature in the
box at a rate of 5° per minute until the temperature reaches 150° F [65° C].
The temperature in the heating box is monitored using standard mercury
thermometers. The thermometers have a temperature range of 0° F [-17° C] to 400° F
[204° C] and are mounted at the top, middle, and bottom of the heating box. The
gradient in temperature between the three thermometers is controlled using the variacs.
The three thermometers in their respective positions in the box are shown in Figure 3.21.
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Improvements to the curing system could be made by performing a
thermodynamic analysis and designing an efficient system with an insulated, tightly
sealed oven box with computer regulated temperatures monitored using a thermostat.
This is beyond the scope of this research.

3.2
3.2.1

MACHINE SYSTEM ANALYSIS
CROSS-PLATE DEFLECTION ANALYSIS
Prior to production of the cross-plate for the specimen fabricating machine, a

deflection analysis was performed to ensure that the deflection of the cross-plate due to
the tensioned fiber tows would not decrease functionality of the machine. The deflection
analysis was performed using basic mechanics of materials equations.
The cross-plate was modeled as a beam. The loading was modeled using
superposition of a uniform load due to material weight and a single point load on the
center line of the beam resulting from the tensioned fiber tows. The cross-plate was
supported on both sides by the steel connection piece described in Section 3.2.2. These
end connections could be modeled anywhere between the range of fixed-fixed and simply
supported. As a conservative assumption, the cross-plate was modeled as simply
supported.
To obtain the uniform load, q, due to the material of the cross-plate, the crossplate cross sectional area, calculated by multiplying the width, w, of the plate by the
thickness, t, was multiplied by the cross plate density, ρ:

q = wtρ

(3.1)

The width, thickness, and density of the aluminum cross-plate were 6.0 in. (15.2 cm),
0.75 in. (1.9 cm), and 0.1 lbs/in.3 (2.77 g/cm3), respectively. This resulted in a uniform
load, q, of 0.45 lbs/in. (78 N/m).
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The point load, P, resulting from the weighted tows was determined by adding the
number of tows of the longitudinal member, NL, multiplied by the tension per tow of the
longitudinal member, AL, to the number of braiding or wrapping tows in the sleeve, Ns,
multiplied by the tension per braiding or wrapping tow, (Ac):

P = [( N L TL ) + ( N s Ts )]

(3.2)

The tensioin per tow of the longitudinal member was 5.0 lbs. (22.2 N). The
tension per braiding tow was 10.0 lbs. (44.4 N). The total point load, P, on the center line
of the modeled beam was 240.0 lbs. (1067.6 N).
The deflection of the cross-plate was calculated using superposition of the loads
described previously. The deflection caused by the uniformly distributed load was added
to the deflection caused by the point load to determine total deflection. For a uniformly
distributed load on a simply-supported beam, the maximum deflection equation given by
Gere [15] is:

δ max =

5qL4
384 EI

(3.3)

The maximum deflection of a simply-supported beam subjected to a point load on the
center line given by Gere [15] is:

δ max =

PL3
48 EI

(3.4)
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The value of the elastic modulus, E, used in Equations 3.3 and 3.4 was 10.4 Mpsi (71.7
GPa). The equation to calculate the moment of inertia, I, of the rectangular cross-section
of the cross-plate used in equations 3.3 and 3.4 from Gere [15] is:

wt 3
I=
12

(3.5)

This yields a moment of inertia equal to 0.21 in4 (8.74 cm4).
Using Equation 3.3, the maximum deflection caused by the uniform load was 0.01
in. (0.025 cm). Using Equation 3.4, the maximum deflection caused by the point load
was 0.19 in. (0.48 cm). The total maximum deflection of the cross-plate was calculated
to be 0.20 in. (0.51 cm). This value was determined to be satisfactory for the cross-plate
based on conservative beam assumptions used in the deflection calculations. Deflection
during fabrication was unnoticeable and did not affect the functioning of the machine.

3.2.2

TORQUE ANALYSIS
A torque analysis was performed on the specimen fabricating machine to

determine the requirements for the motors. The torque analysis was performed for the
raising and lowering of the cross-plate and for the turning of the braid guiding stars.
The torque analysis for raising and lowering the cross-plate involved determining
the amount of torque required to turn the Acme threaded cross-plate supporting rod,
considering the loads acting on the rod. Norton [16] gives the following equations for
required raising and lowering torques of Acme threads:

Tu =

Pd p ( µπd p + L cos α )
2 (πd p cos α − µL)

56

+ µb P

db
2

(3.6)

and,

Td =

Pd p ( µπd p − L cos α )
2 (πd p cos α + µL)

+ µb P

db
2

(3.7)

where Tu is defined as the torque required to lift the load for one Acme rod, Td is the
torque required to lower the load for one Acme rod, P is the load being raised or lowered,
dp is the pitch diameter of the Acme threads, µ is the friction coefficient of the Acme nut,
L is the height per thread, α is the angle of the Acme thread, µb is the friction coefficient
of the supporting bearings, and db is the mean supporting bearing diameter.
The values for the variables in Equations 3.6 and 3.7 used for the specimen
fabricating machine are shown in Table 3.1. Tut is the total torque required by the motor
to lift the cross-plate which is twice the torque required to lift the load for one rod. Tdt is
the total torque required by the motor to lower the cross-plate which twice the torque
required to lower the load for one rod. P for these equations was calculated from the
reaction of the cross-plate modeled as a simply supported beam under a uniform load and
a point load on its center line. Friction coefficients, Acme thread pitch diameter, and
Acme thread angle were given in Norton [16].
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Table 3.1 Torque Analysis Variables and DesignValues
Variable
P
dp
µ
L
α
db

Value
129.9 lbs.(573 N)
1.15 in. (2.9 cm)
0.2
0.2 in. (0.5 cm)
14.5 deg
1.5 in. (3.8 cm)

µb

0.0015

Tu

19.94 in-lb (2.25 N-m)

Td

11.31 in-lb (1.28 N-m)

T ut

39.9 in-lb (4.5 N-m)

T dt

22.6 in-lb (2.6 N-m)

The maximum torque of the Dayton gear motor was 50 inch pounds (6 Newton
meters). The critical torque for the Acme threaded rod was the torque required to lift the
cross-plate which was 39.9 inch pounds (4.5 Newton meters). The analysis shows that
the Dayton gear motor met the torque requirements and will run at 80 percent of its
torque capacity.
The torque required for turning the braid guiding stars was calculated using
mechanics principles and a free body diagram of the braid guiding star. The maximum
torque requirement was modeled at the point where the braiding fiber tows traveling in
opposite directions pass on opposite sides of the same braid guiding star. The analysis
assumes that a mass equal to the weight at the end of the braiding tow was located at the
braid guiding star hook locations shown. The torque required to turn one braid guiding
star in the critical position was equal to the resisting moments caused by the masses. The
resisting moments were calculated by adding the moments of the masses about the center
of the braid guiding star (Equation 3.8). The moments of the masses about the center of
the braid guiding star were calculated by multiplying the weights of the masses (F1 &
F2) by the distances to the braid guiding stars (r1 & r2), respectively:
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Tb = [( F1r1) + ( F 2r 2)]

(3.8)

A diagram of the braid guiding star, masses and distances is shown in Figure 3.22. Each
weight of the masses for the analysis was 10.0 lbs. (44.4 N), which was the maximum
weight that was attached to the braiding tows. The distances r1 and r2 for the braid
guiding stars were measured to be 1.625 in. (4.13 cm) and 2.0 in. (5.1 cm), respectively.
The total torque required to move all braided tows, T bt, was obtained by multiplying the
torque required for one braid guiding star, Tb, by the number of braid guiding stars that
were in the same position at the same time, Ns:

Tbt = Tb N s

Figure 3.22 Schematic of Braid Guiding Star Forces
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(3.9)

Using the described equations, the torque required to turn the braid guiding stars
for the specimen braiding machine was 54.4 in.-lb. (6.2 N-m). The Bodine Gear Motor
was geared up by a ratio of two, so the torque capacity of the gear motor was 80 in.-lbs.
(9.0 N-m). At the critical position shown the motor ran at 68.0% of its torque capacity.

3.2.3

MOTOR SYNCHRONIZATION
The motors used for the machine run at different revolutions per minute using

different voltages. Motor synchronization is critical to maintaining the correct braid
angle for the specimens consolidated by braiding of a sleeve or wrapping of a coiled
sleeve around the tows of the longitudinal member.
The first step in synchronizing the motors is to calculate the ratio of revolutions of
the Bodine Gear Motor to revolutions of the Dayton Gear Motor. The ratio was specific
to the braiding parameters described in Section 2.2.2. The critical parameters are the
braid angle, θ, and the desired diameter of the tows of the longitudinal member after
consolidation, D. For one braiding tow to travel one complete revolution around the tows
of the longitudinal member, the braid guiding stars needed to complete nine revolutions.
This required the Bodine motor shaft to turn eighteen revolutions, Rb. A schematic of
one braid tow revolution around the tows of a longitudinal member is shown in Figure
3.23.
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Figure 3.23 Schematic of One Revolution of One Braiding Tow Around the Tows of
the Longitudinal Member

The distance, L, in Figure 3.23 is calculated by multiplying the consolidated
diameter of the longitudinal member, D, by pi, π, and dividing by the sine of the braid
angle, θ:

L=

Dπ
sin(θ )

(3.10)

The distance the cross-plate must raise, h, shown in Figure 3.24 was calculated by
multiplying the cosine of the braid angle, θ, by the distance, L:

h = L cos(θ )

(3.11)

For the cross-plate to raise a distance, h, the Dayton motor shaft revolution requirement,
RD, is calculated by multiplying the Acme threads per inch, ta, by the distance, h:
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RD = t a h

(3.12)

The motor revolution ratio, Rm, was determined by dividing the number of
revolutions required by the Bodine Motor, Rb, by the number of revolutions required by
the Dayton Motor, RD:

Rm =

Rb
RD

(3.13)

The desired braid angle, θ, used for the test specimens was calculated in Section
2.2 as 55 degrees. The consolidated diameter of the longitudinal fiber tows, D, was 0.225
in. (0.57 cm). The distance, L, was calculated to be 0.84 in. (2.1 cm). The distance, h,
was calculated to be 0.48 in. (1.2 cm). The ratio, Rb, was determined to be 18
revolutions. The ratio, RD, was calculated to be 2.4 revolutions. The motor ratio Rm,
calculated for the braid parameters used was 7.44.
The assumption was made that the voltage to the motor was proportional to the
revolutions per minute of the motor shafts. The maximum speed for the Bodine motor is
42 revolutions per minute using 130 volts. The maximum speed for the Dayton motor is
7 revolutions per minute using 90 volts. Figure 3.24 is a plot of the speed versus voltage
relationship of the Bodine and Dayton motors.
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Figure 3.24 Dayton and Bodine Motor Speed vs. Voltage Relationships for Motor
Ratio, Rm, of 7.44

The controlling factor in the motor speed synchronization is the desired speed for
the braiding tows to be passed from one braid guiding star to the next, which is
determined by the machine operator. The Bodine motor speed controls the revolution
speed of the braid guiding stars. By trial and error, a comfortable speed for the braid
guiding stars occurred when the voltage of the Bodine motor was set to 90 volts. The
motors were synchronized using Figure 3.24.
Using 90 volts, the correlating speed of the Bodine motor shown in Figure 3.24 is
approximately 29 revolutions per minute. A horizontal line drawn from 29 revolutions
per minute on the right axis to the left axis of Figure 3.24, shows a correlating speed for
the Dayton motor of approximately 4.0 revolutions per minute. From Figure 3.24 the
corresponding voltage for this speed is approximately 50 volts, therefore when the
Bodine motor is set to 90 volts, the Dayton motor is set at 50 volts. The voltage for both
motors is controlled by the power sources described previously.
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3.3

CHAPTER SUMMARY
This chapter has described the specific design, fabrication, and functions of the

specially designed IsoTruss™ joint specimen machine. All of the specimens tested for
this research were fabricated using this machine. Machine fabrication allows for a
controlled process of manufacturing the specimens which is a key factor in obtaining
reliable test results.
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CHAPTER 4 - SPECIMEN MANUFACTURING
This chapter describes the implementation of the specimen machine described in
Chapter 3 to the fabrication of the joint specimens described in Chapter 2. The tow
interweaving process is detailed along with the consolidation method procedures.
Property measurements and specimen setup are described in this chapter.

4.1

MACHINE SETUP
Prior to test specimen fabrication, the cross-plate on the specimen fabricating

machine was lowered to the required starting position for the specimens being
manufactured and the fibers were connected to the machine and weight system.
The cross-plate starting height for the specimens consolidated using a braided or
coiled sleeve was critical to obtain the correct braid or coil angle. The distance required
between the bottom of the cross-plate and the top of the braid guiding stars was 7.0 in.
(17.8 cm). This height was calculated by dividing the horizontal distance from the braid
guiding star supporting rods to the vertical axis of the longitudinal tow connection hole in
the cross-plate by the tangent of the braid angle. The specimens consolidated using other
methods did not have a specific cross-plate starting point.
All fiber tows were connected to the machine manually. The braiding or coiling
tows were wound on spools prior to machine setup. The free ends of the tows were
threaded through the diameter reducer and cross-plate and tied to dowels that fit snuggly
into the dowel holes in the top of the cross-plate.
The tows of the longitudinal members were cut to approximate 15 ft. (460 cm)
lengths before connecting to the machine. One end of each tow was tied to a dowel that
fit snuggly into a dowel hole in the top of the cross-plate. The tows were threaded
individually through the cross-plate, diameter reducer, guide plate for the tows of the
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longitudinal member, weight system pulley, back through the guide plate, diameter
reducer, and tied to another dowel in the top of the cross-plate. Each tow connected to
the machine created two tows in the longitudinal member in each specimen. Eighteen
tows were connected to the machine resulting in 36 tows in the longitudinal member.
The tows of the helical members were wound on spools prior to being connected
to the machine. The free ends of the tows were tied to dowels that were connected to the
top of the cross-plate. The tows of the helical members traveled from the dowels through
the cross-plate, around the chain link of the helical guide system, and to their spools,
which were fastened to the helical spool holders. The chain link threaded rod was set to
an initial height of 24.25 in. (61.6 cm) measured from the bottom of the supporting plate
to the chain link welded to the bottom of the rod. The chain link threaded rods on the
opposite side were set to an initial height of 30.5 in. (77.5 cm). At their initial position,
the tows of the helical members did not interfere with the longitudinal, braiding, or
coiling tows. A photograph of the setup of the EJPS specimens is shown in Figure 4.1.

Figure 4.1 Setup of the EJPT Specimens in the Machine
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4.2
4.2.1

SPECIMEN MANUFACTURING
TOW INTERSECTION PATTERNS
The encapsulated tow intersection pattern was performed by manually passing the

helical spools around the tows of the longitudinal member to diagonally opposite spool
holders. The helical spools were passed one at a time alternating sides from which they
originated. This resulted in the tows of the helical members encapsulating the
longitudinal member while interlocking with other tows of the helical members.
Fabrication of interwoven joints was accomplished by manually passing the
helical spools from their holders through the tows of the longitudinal member in a
specific pattern to diagonally opposite spool holders. A diagram of the helical spool
paths through the tows of the longitudinal members is shown in Figure 4.2. The passing
of the helical spools started with those traveling from right to left. The first helical spool
was passed following Path Number 1 in Figure 4.2b. Next, the first spool traveling from
left to right was passed, following Path Number 1 in Figure 4.2a. The remaining spools
were passed through the longitudinal tows alternating between left and right, and
following the sequence of number paths shown in Figures 4.2a and 4.2b. The resulting
helical spool crossing paths of the interwoven pattern are shown in Figure 4.2c.
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Figure 4.2 Interwoven Helical Spool Paths: a) Left to Right; b) Right to Left; and,
c) Combined

4.2.2

BRAIDED SLEEVE SPECIMENS
Before winding the braided sleeve specimens, the motor speeds were

synchronized by adjusting the dials on the power sources to the correct voltages. The
power sources were turned on and the braiding tows traveled around the tows of the
longitudinal member as described in Section 3.2.3, braiding a sleeve which consolidated
the tows of the longitudinal member. This continued until the braided sleeve length
reached approximately 2.3 inches (5.8 cm). The braiding was stopped and the helical
spools were manually passed from one helical spool holder to the diagonally opposite
spool holder, traveling through or around the tows of the longitudinal member depending
on desired local joint geometry as detailed in Section 4.2.1. Figure 4.3 shows the
position of the braiding fiber tows during helical spool passing and the general diagonal
path of the helical spools. Fabrication of an interwoven joint specimen consolidated with
a braided sleeve after the first passing of the helical spools is shown in Figure 4.4.
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Figure 4.3 Braiding Tow Position During Passing of Helical Spools

Figure 4.4 Manufacturing of an Interwoven Specimen Consolidated using a
Braided Sleeve
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After the helical spools were passed, the braiding process was continued for a
distance of 3.30 in. (8.4 cm). At that point the braiding was stopped and the helical guide
plates were attached to the machine. Each time a joint was made, helical guide plates
were added. Another joint was made by passing the helical spools around the hooks of
the helical guide plates and through the tows of the longitudinal members as described
previously. The braiding process was started again and continued for a distance of 6.5 in.
(16.5 cm). This longer braided distance was to facilitate the cutting process and to
provide a section of the member from which fiber volume measurements were taken.
The helical spools were passed again through the tows of the longitudinal member
making the third joint. The remaining two joints were fabricated as described for the first
two joints, with a braided distance of approximately 3.3 in. (8.4 cm) in between each
joint. After the five joints were completed, the helical members were consolidated by
spirally wrapping Kevlar® fiber around the tows of the helical members. Completed
IJBS-AS6t5T specimens are shown in Figure 4.5.

Figure 4.5 Completed IJBS-AS6t5T Specimens
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4.2.3

COILED SLEEVE SPECIMENS
The coiled sleeve specimens were manufactured similar to the braided sleeve

specimens. The difference was that the coiled sleeve specimens had three coiling tows
instead of six. All three coiling tows propagated in the same direction around the tows of
the longitudinal members being guided by the braid guiding stars. The helical spool
passing process was identical to the process employed for the braided sleeve specimens.
The distances between joints on each sample were equal to the distances of the braided
sleeve specimens. The helical members were consolidated using the same process as
described for the braided specimens. Fabrication of an interwoven joint specimen
consolidated with a coiled sleeve after the first passing of the helical spools is shown in
Figure 4.6. Completed IJCS-AS3t5T specimens are shown in Figure 4.7.

Figure 4.6 Manufacturing of an Interwoven Specimen Consolidated Using a Coiled
Sleeve
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Figure 4.7 Completed IJCS-AS3t5T Specimens

4.2.4

SPARSE SPIRAL KEVLAR® WRAPPED SPECIMENS
When IsoTruss™ grid structures are fabricated and consolidated using a sparse

spiral Kevlar® wrap, all of the tows in the longitudinal and helical members are placed in
the correct position before consolidation. Following this process, all tows in the
longitudinal and helical members were positioned prior to consolidation.
The starting point of the cross-plate was arbitrary for the specimens consolidated
using a sparse spiral Kevlar® wrap. After the cross-plate was set, the helical spools were
passed through the tows of the longitudinal members exactly as described for the braided
specimens, without any consolidation. Specimens prior to consolidation using a sparse
spiral Kevlar® wrap are shown in Figure 4.8. After all of the joints were woven by
passing of the helical spools, the joints were consolidated by spirally hand-wrapping the
members sparsely with a Kevlar® fiber tow.
The consolidation process started at the bottom of the sample, tying all of the
tows of the longitudinal member together. The Kevlar® fiber was spirally wrapped
72

approximately 3 wraps/ in. (1 wrap/cm) around the longitudinal member and pulled tight
for consolidation. After the entire longitudinal member was consolidated, the helical
members were consolidated with Kevlar® fiber tows using the same process as described
for the braided specimens. Completed EJSK specimens are shown in Figure 4.9.

Figure 4.8 Specimens Prior to Sparse Spiral Wrapping with Kevlar®
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Figure 4.9 Completed IJSK Specimens

4.2.5

POLYESTER SHRINK TAPE SLEEVED SPECIMENS
Manufacture of specimens consolidated using a polyester shrink tape sleeve was

similar to the specimens consolidated using a sparse spiral Kevlar® wrap. All five joint
specimens were fabricated prior to any consolidation using this method.
After the five joint specimens were fabricated, the surface of all members was
completely covered with Glad® Cling wrap. The purpose of the Cling wrap was to
facilitate shrink tape removal and to simulate past IsoTruss™ consolidation. Prewrapping of a specimen is shown in Figure 4.10.
After the specimens were pre-wrapped, a polyester shrink tape sleeve was spirally
wrapped around the longitudinal members. Care was taken to maintain tension on the
shrink tape and to obtain full coverage during consolidation. The helical fibers were
consolidated using a polyester shrink tape sleeve identical to the longitudinal members.
The joints were tied individually using the polyester shrink tape. Completed IJPT
specimens are shown in Figure 4.11.
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Figure 4.10 Pre-Wrapping of a Specimen
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Figure 4.11 Completed IJPT Specimens

4.2.6

TWISTED SPECIMENS
Consolidation of the longitudinal member by twisting was accomplished by

turning the guide plate for the tows of the longitudinal member the required rotations for
the desired rate of twist. The rate of twist investigated in this research was 180 degrees
per inch. The starting height of the cross-plate was arbitrary.
To begin manufacture of the twisted specimens, the guide plate was rotated 414
degrees and the helical spools were passed exactly as described for the braided specimen.
The helical spools were tightened to the spool holders, which tightened the twist above
the joint to a distance of 2.3 in. (5.8 cm). The guide plate was rotated an additional 594
degrees to consolidate the joint and the continuing longitudinal member. The helical
spools were passed again creating a joint 3.30 in. (8.4 cm) below the first joint. The
remaining joints were fabricated following this process of rotating the guide plate 594
degrees and tightening the helical spools to tighten the longitudinal member twist to a
distance of 3.30 in. (8.4 cm) between joints. The helical members were consolidated
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using the same process as described for the braided specimens. A specimen being
twisted for consolidation is shown in Figure 4.12. Completed IJTM specimens are shown
in Figure 4.13.
An additional twisted specimen without any helical fiber tows was manufactured
by rotating the guide plate for the tows of the longitudinal member 24 degrees for every
inch of specimen length.

Figure 4.12 Specimen Being Twisted for Consolidation
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Figure 4.13 Completed IJTM Specimens

4.2.7

SPECIMENS WITH CINCHED JOINTS
The specimens consolidated by cinching the tows of the longitudinal member at

the joints were fabricated similar to the specimens consolidated by sparse spiral wrapping
and wrapping using hi-shrink tape in that all of the joints were made before any
consolidation was done.
Consolidation was accomplished by tying one end of a pre-impregnated aramid
fiber tow to one of the support bolts that was connected to the helical guide system
specifically for this consolidation method. The tow was wrapped once around the tows
of the longitudinal member directly above the joint and continued in the direction
opposite of its connection point. The consolidating tow was draped over the support bolt
opposite its bolt of origin and connected to a 10.0 lb. (44.4 N) weight. The tensile force
caused by the weight on the aramid tow cinched the tows of the longitudinal member
together directly above the joint. This process was repeated just below the joint,
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alternating the connection side of the consolidating tow. All joints were consolidated
following this process.
Following the cinching of the tows of the longitudinal member at the joints,
Kevlar® fiber was wrapped around the longitudinal members in between the joints,
traveling one complete time around the member in between each joint. The helical
members were consolidated using the same process as described for the braided
specimens. A specimen being consolidated by cinching of the joint is shown in Figure
4.14. Completed IJCJ specimens are shown in Figure 4.15.

Figure 4.14 A Specimen During Consolidation by Cinching of the Joint
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Figure 4.15 Completed IJCJ Specimens

4.3

SPECIMEN CURING
All tows used in this research were pre-impregnated with Thiokol UF3325-95

epoxy resin. The resin has a specific cure cycle for optimal curing. The cure cycle as
specified by TCR [17] is shown in Figure 4.16. The cure cycle consists of a 5° F per
minute ramp up to 310° F (154° C), which is held for one hour, followed by a ramp down
at 5° per minute until it reaches 150° F (65° C). All specimens were cured using the
curing system of the specimen fabricating machine described in Section 3.2.6. The
curing system was designed to follow this cure cycle, while maintaining proper tension of
all fiber tows.
During the ramp up to 310° F (154° C), the temperatures of the three
thermometers in the curing system were recorded at two minute intervals. Once the
temperature in the oven became stable, temperatures were recorded every five minutes.
During the ramp down to 150° F (65° C), temperatures were recorded every two minutes.
A small temperature gradient existed between the top, middle, and bottom of the heater
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box for most cures. This temperature gradient was due to insufficient insulation and air
holes in the oven box. A plot of recorded temperatures versus time for NJCS-AS3t5T
specimens are shown in Figure 4.17. The bottom thermometer value was unreadable up
to 125° F (52° C), therefore temperatures were not recorded up to this temperature. The
cure cycles were similar for all specimens.
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4.4

SPECIMEN PREPARATION
This section details the procedures followed to prepare the specimens for testing.

This involved precision cutting, measuring individual properties, and mounting the
specimens in their end fixtures.

4.4.1

CUTTING
Each set of five specimens needed to be cut into individual specimens to be

tested. A smooth cut perpendicular to the longitudinal axis was required for successful
testing of each specimen. The specimens were cut using a diamond bladed chop saw. To
obtain a straight, perpendicular cut for each specimen, a cutting jig was designed to fit
tightly into the vice connected to the saw. Each specimen was cut to an approximate
length of 3.0 in. (7.62 cm).
The cutting jig was designed specifically to ensure a perpendicular cut. The jig
consisted of a specimen resting groove and fastening plates that kept the specimen secure
in place during the cut. Two deflection reducing supports kept the specimen from
deflecting during the cutting process. The cutting jig is shown in Figure 4.18. The
cutting jig mounted in the diamond blade saw is shown in Figure 4.19. A drawing of the
cutting jig with specific dimensions is shown in Figure A.10.

Figure 4.18 Cutting Jig Used to Cut Specimens

82

Figure 4.19 Cutting Jig and Diamond Blade Saw

4.4.2

MEASURING PROPERTIES
The length of each specimen prior to being mounted in the end fixtures and the

distance between the end fixtures after the specimens had been mounted into the end
fixtures were measured using dial calipers.
The cross-section of each specimen was measured and calculated prior to being
mounted in the end fixtures. Measuring of the cross-section was accomplished using
LECO’s image analysis software IA-32 in conjunction with a LECO Olympus SZH
photographic microscope. The camera attached to the microscope was calibrated, and a
digital photograph of each cross-section was taken. The photographs were enhanced
using Paint Shop Pro, which involved making the background of each picture light in
comparison to the cross-section, and then imported into the LECO image analysis
software IA-32. Using the area fraction application in the software, the full area of the
digital photograph was measured. Using threshold controls in the software, all the dark
colors (cross-section area) were colored red. The program analyzed the area fraction of
the color red on the image. The percentage of the total photograph area colored red was
displayed in the results display of the analysis software. Knowing the area of the full
image, and using this percentage, the cross-sectional area was calculated. A cross-section
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photograph of Specimen IJBS-AS6t5T-4 and its enhanced image are shown in Figure
4.20(a) and (b), respectively. Cross-section photographs of one specimen for each
configuration are shown in Appendix B. Individual cross-sectional measurement values
are listed in the Tables in Chapter 5.

(a)

(b)

Figure 4.20 Cross Section Photograph of Specimen IJBS-AS6t5T-4; a) Original, b)
Enhanced

The fiber volume fraction of each set of five specimens was measured using the
IA-32 software in conjunction with a LECO Olympus PME3 photographic microscope.
Preparing and analyzing the cross-section for the fiber volume measurements was a very
time-intensive process. Therefore, preparing and measuring the fiber volume fraction of
each specimen individually was impractical. For this reason, the fiber volume
measurement of one cross-section from each set of five specimens was used to represent
all five specimens of that set. One end of the representative cross-sections was encased
in Devcon 5-minute epoxy. When the epoxy was completely cured, the encased epoxy
cross-sections were sanded and then polished. The cross-sections were sanded on a belt
sander. Following sanding, the cross-sections were polished using the LECO Spectrum
System 2000 polishing machine. Each cross-section was polished using 320, 600, 1200,
and 2400 grit LECO polishing paper. Sufficient surface quality was only noticeable by
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observation through the microscope. Thus, the surface preparation process was a
repetitive process of polishing and observing the cross-sections through the microscope.
After the surfaces of the specimens were polished to a sufficient quality, digital
photographs were taken using the LECO Olympus PME3 photographic microscope
magnified 500X. For each specimen, ten photographs were taken in random locations
away from obvious voids. The individual fibers in the pictures appear as white, kidney
shaped ovals. The resin appears as the grey area in between the fibers. Using LECO’s
image analysis software IA-32, manual thresholding was performed on the pictures which
colored the dark areas of the image red. The contrast between the grey resin and white
fibers was low and for this reason, the fiber area fraction was measured three times for
each photograph. For each specimen a total of thirty fiber area fraction volume
measurements were recorded using the software. Assuming constant properties in the
longitudinal direction, the fiber area fraction is the same as the fiber volume percentage.
The fiber volume percentages were averaged and standard deviations were
recorded representing the variation in the measurements. Tables of all fiber volume
measurements are shown in Appendix C. The average fiber volume percentages of the
photographs without voids were multiplied by the percentage of cross-section without
voids to obtain the actual fiber volume of the cross-sections. These percentages for each
set of specimens are shown in Tables 6.1, 6.3, and 6.5. Fiber volume photographs of the
IJTM-180R specimens and the IJSK specimens are shown in Figure 4.21(a) and (b),
respectively, comparing fiber volume fraction.
Void fractions of all specimens were measured using the IA-32 software in
conjunction with the LECO Olympus PME3 photographic microscope and LECO IA32
software. The polished cross-sections for the fiber volume measurements were used for
the void fraction measurements. Six photographs of each cross-section were taken
magnified 100X. The area fraction application of the IA32 software was used to measure
the area of voids for each picture using the manual thresholding analysis process
described previously, where the voids in the photograph were colored red. Three
measurements were taken for each picture to account for the variability in manual
threshholding adjustments. Tables of all void content measurements are shown in
Appendix C. Average void fraction measurements and standard deviation for each set of
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specimens are shown in Tables 6.1, 6.3, and 6.5. Void fraction photographs of the EJPT
specimens and the IJSK specimens are shown in Figure 4.22(a) and (b), respectively.

(a)

(b)

Figure 4.21 Fiber Volume Photographs: a) IJTM-180R Specimens; and, b) IJSK
Specimens

(a)
(b)
Figure 4.22 Void Fraction Photographs: a) EJPS Specimens; and, b) IJSK
Specimens
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4.4.3

SPECIMEN SETUP
After the length, cross-sectional area, and fiber volume measurements were

completed, the specimens were mounted in end fixtures. All end fixtures were identical
and a mounting jig was used to ensure that all specimens were mounted correctly into the
end fixtures.
The end fixtures were made from steel blocks that were 2.0 x 1.5 x 0.75 in. (5.1 x
3.8 x 1.9 cm). A 0.3125 in. (0.794 cm) diameter hole was drilled in the center of the
cross section of the long axis to a depth of 0.75 in. (1.9 cm). The bottom of the hole was
drilled flat using a flat head drill bit. The end fixtures are shown in Figure 4.23.

Figure 4.23 Specimen Mounting Jig and End Pieces

The specimens were mounted to the end fixtures using Devcon® 2-ton epoxy.
The cure time as specified by Devcon® [18] was two hours for a functional cure, and
twelve hours for a full cure. All specimens were tested after the specimens were fully
cured.
To obtain the best test results possible, the specimens needed to be mounted into
the end fixtures so their ends were flat against the bottom of the holes in the end fixtures.
To facilitate and regulate the mounting of the specimens in the end fixtures, a mounting
jig was designed and used to mount the specimens to the end fixtures.

87

The mounting jig was composed of an end fixture support block and specimen
alignment pieces. The end fixture support block was made from a piece of aluminum 10.5
x 6.0 x 1.0 in. (26.7 x 15.2 x 2.54 cm). Six precision rectangular slots 0.75 in. (1.9 cm)
wide and 0.5 in. (1.27 cm) deep were milled perpendicular to the long side of the block
every 1.75 in. (4.44 cm) starting 0.875 in. (2.22 cm) from the short side. The end fixtures
fit snugly into these slots for support. Six holes were drilled and tapped into the block to
fit a 0.125 in. (0.32 cm) diameter machine screw.
The specimen alignment pieces were made of 10.5 x 0.25 x 0.275 in. (26.7 x 0.64
x 0.7 cm) aluminum pieces. The alignment pieces were fastened to the end fixture
support block, one piece located 2.275 in. (5.78 cm) from one of the long sides of the
support block, and the other located 0.75 in. (1.9 cm) above the first. Six precision
circular slots with diameters of 0.3125 in. (0.794 cm) were milled perpendicular to the
long side of the alignment pieces centered above the rectangular slots in the support
block. The circular slots support the specimens during mounting both above and below
the joint.
Specimens were mounted into the end fixtures one side at a time. First, the end
fixtures were fit into the rectangular slots in the end fixture support block. Devcon® 2ton epoxy was prepared and put in the hole of each end fixture. The specimens were then
placed into the end fixtures, making sure that the bottoms of the specimens were flush
with the bottoms of the holes in the end fixtures. The top end fixtures were placed on the
top side of the specimens without epoxy providing a force that kept the specimens flat
against the bottoms of the end fixtures. The specimens were aligned using the alignment
pieces as support and alignment guides. After the bottom sides of the specimens were
mounted, the top sides of the specimens were mounted using the exact same process.
The specimens were tested following the mounting. The specimen mounting jig and end
fixtures are shown in Figure 4.23.

4.5

CHAPTER SUMMARY
This chapter has described and detailed the manufacturing processes for the

specimens in this research using the specimen fabricating machine. The procedures
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followed for property measurement and specimen set-up were described. These
procedures minimized human error and provided consistency in the measurements. All
of the manufacturing and measuring processes assisted in obtaining accurate test results.
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CHAPTER 5 - TEST RESULTS
The test results of individual IsoTruss™ joint specimens are detailed in this
chapter. General test observations and the statistical analysis procedures are described,
along with failure modes for each consolidation method. Tables of the test results are
shown followed by stress-strain plots and stress-strain average values. General
comments on specific specimen tests are included where needed.

5.1

GENERAL OBSERVATIONS AND STATISTICAL ANALYSIS
The IsoTruss™ grid structure test specimens were fabricated and tested in sets of

five for each consolidation method and tow intersection pattern at the joint for a total of
90 tests. Average values of the properties were calculated for each set of five specimens.
A statistical analysis was performed on each set of data to determine if any values
should be rejected according to Chauvenet’s criterion [19]. This criterion provides a ratio
of maximum acceptable standard deviations from the mean based on the number of data
points. Specimens that fell within 2% of the Chauvenet envelope were kept and used in
the averages.
Probable range of average values representing 90% reliability with a 95%
confidence are shown at the average ultimate stress values for each set of specimens.
Because only five specimens were tested for each set, an adjustment of the standard
deviations for the specimens was required in order to obtain a 95% confidence level.
This sample size correction was accomplished using the method described in Natrella
[20]. For a 95% confidence level, the acceptable range of standard deviations is
described by the equation:
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B Lσ ≤ σ 95% ≤ Bu σ

(5.1)

where BL is a lower bound, Bu is an upper bound, σ is the sample standard deviation, and
σ95% is the standard deviation with 95% confidence. The values given for BL and Bu in
Table A-20 of Natrella [19] for a sample size of 5 are 0.5590 and 2.567, respectively.
Application of these values in this research in Equation 5.1 means that we can assert with
95% confidence that the actual standard deviation for an infinite number of samples is
between 0.5590 times the sample standard deviation and 2.567 times the sample standard
deviation. The adjusted standard deviation for a confidence of 95% for the reliability of
the probable range of average values in the figures is the mean value of this range of
standard deviations, σ95% avg, represented by the equation:

 ( BL + Bu ) 
σ
2



σ 95% avg = 

(5.2)

The resulting sample size adjusted standard deviation is 1.563 multiplied by σ.
The equation for the probable range of average values is:

σ u , L = x ± λ Rσ 95% avg

(5.3)

where x is the arithmetic mean, and λR is the reliability factor given in Shigley [21]. The
reliability factors for reliabilities of 90%, 95%, and 99% are 1.645, 1.960, and 2.575,
respectively. For the figures in this chapter, a reliability of 90% was used.
This same statistical analysis procedure was used for the void percentages, fiber
volume percentages, and averages of the averages shown in Chapter 6. Different values
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for BL and Bu were used for void percentage and fiber volume measurements because the
sample sizes were different. The values of the coefficients for void percentage from a
sample size of 18 obtained from Reference 20 were 1.448 and 0.743, respectively. This
resulted in a σ95%avg value for the void percentages of 1.0955*σ. The values of the
coefficients for fiber volume percentage from a sample size of 30 obtained from
Reference 20 were 1.321 and 0.7909, respectively. This resulted in a σ95% avg value for
the fiber volume percentages of 1.05595*σ. The sample standard deviations were
adjusted by these values to obtain 95% confidence.
For the average of the averages of each consolidation method, the standard
deviations used for the probable range of averages were adjusted using this criterion. The
specimens with encapsulated joints were adjusted for a sample size of 5 as described
above. The specimens with interwoven joints were adjusted for a sample size of 7, with
values from Reference 20 for BL and Bu of 1.918 and 0.6344, respectively, resulting in a
σ95% avg value of 1.2762*σ. The specimens without joints were adjusted for a sample size
of 6, with values from Reference 20 for BL and Bu of 2.052 and 0.6143, respectively,
resulting in a σ95% avg value of 1.33315*σ.

5.2

INDIVIDUAL SPECIMEN RESULTS
The test results for the individual joint specimens are shown in the tables in this

section. A stress versus strain plot of the individual specimens and their averages are
shown in the figures. General observations and comments on individual specimens are
made where necessary.

5.2.1 RESULTS OF SPECIMENS WITH ENCAPSULATED JOINTS
The specimens with encapsulated joints are fairly consistent. The scatter of the
specimens making up the average values is more than the specimens without joints, and
less than the specimens with interwoven joints.
Table 5.1 shows the test results for the specimens with an encapsulated joint
consolidated using a braided sleeve. Figure 5.1 shows the stress versus strain plots for
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these specimens. The maximum strain for Specimen 1 is less than 2% outside of the
Chauvenet envelope; therefore, this value was kept and used in the averages.

Table 5.1 Test Results for EJBS-AS6t5T Specimens
Specimen
[#]

Area
2

2

[in (cm )]

EJBS-AS6t5T
1
0.041 (0.265)
2
0.041 (0.265)
3
0.041 (0.265)
4
0.040 (0.258)
5
0.040 (0.258)
Ave rage
0.041 (0.262)
Standard 0.001 (0.004)
Deviation
1.35%
Chauvenet 0.040 (0.256)
Envelope 0.042 (0.268)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

6.3 (28.18)
6.5 (28.91)
5.3 (23.51)
5.4 (23.91)
5.1 (22.69)
5.7 (25.44)
0.6 (2.88)
11.3%
4.7 (20.69)
6.8 (30.19)

153.4 (1058)
157.3 (1085)
128.6 (887)
134.4 (926)
126.9 (875)
140.1 (966)
14.27 (98)
10.2%
116.6 (804)
163.7 (1128)
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Young's
Maximum
Strain
Modulus
[in/in, m/m] [Mpsi (GPa)]
0.0159
0.0088
0.0069
0.0090
0.0083
0.0098
0.0035
35.9%
0.0040
0.0156

16.5 (113)
18.1 (124)
19.2 (133)
17.9 (124)
16.6 (115)
17.7 (122)
1.1 (8)
6.4%
15.8 (109)
19.5 (135)
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Figure 5.1 Stress versus Strain Plot for EJBS-AS6t5T Specimens

Table 5.2 shows the test results for the specimens with an encapsulated joint
consolidated using a coiled sleeve. Figure 5.2 shows the stress versus strain plots for
these specimens. Specimen 1 was eliminated because Young’s modulus is more than 2%
outside of the Chauvenet envelope. This specimen in the figure is shown as a dashed
line.
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Table 5.2 Test Results for EJCS-AS3t5T Specimens
Area

Specimen
[#]

2

2

[in (cm )]

EJCS-AS3t5T
1*
0.041 (0.262)
2
0.040 (0.258)
3
0.040 (0.261)
4
0.041 (0.263)
5
0.041 (0.263)
Average
0.040 (0.261)
Standard 0.000 (0.002)
Deviation
0.73%
Chauvenet 0.040 (0.258)
Envelope 0.041 (0.264)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

4.8 (21.37)
5.4 (24.09)
6.3 (28.02)
5.7 (25.29)
5.7 (25.29)
5.8 (25.67)
0.4 (1.67)
6.5%
4.7 (20.85)
6.5 (28.78)

118.3 (816)
135.4 (933)
155.9 (1075)
139.7 (963)
139.7 (963)
142.7 (984)
9.1 (63)
6.4%
115.7 (797)
160.0 (1103)

Maximum
Young's
Strain
Modulus
[in/in, m/m] [Mpsi (GPa)]
0.0153
0.0082
0.0094
0.0090
0.0062
0.0082
0.0015
17.7%
0.0040
0.0152

8.9 (62)
17.2 (119)
17.2 (119)
19.7 (136)
17.8 (123)
18.0 (124)
1.2 (29)
6.5%
9.3 (64)
23.0 (159)

* Specim en elim inated using Chauvenet's criterion; not included in average
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Figure 5.2 Stress versus Strain Plot for EJCS-AS3t5T Specimens

Table 5.3 shows the test results for the specimens with encapsulated joints
consolidated using a sparse spiral Kevlar® wrap. Errors occurred in the data analysis
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retrieval for Specimens 4 and 5; therefore, no load, displacement, or strain data was
retrieved. The ultimate load of these specimens was recorded manually during testing.
These ultimate loads were used to obtain ultimate stress. Elastic modulus was not
calculated because of the absence of strain data. For Specimen 1, the maximum strain
and elastic modulus values were eliminated because the value is extremely and obviously
different than the other two. The specimen could not be eliminated due to Chauvenet’s
criterion because it skewed the average and standard deviation enough so it fell within the
envelope. If the data for Specimens 4 and 5 were retrievable, this specimen could be
eliminated using Chauvenet’s criterion. Figure 5.3 is a stress versus strain plot for these
specimens. Specimen 1 is shown in the figure as a dashed line.

Table 5.3 Test Results for EJSK Specimens
Specimen
[#]
EJSK
1
2
3
4
5
Average
Standard
Deviation
Chauvenet
Envelope

Area
2

2

[in (cm )]
0.044 (0.286)
0.046 (0.295)
0.044 (0.283)
0.043 (0.277)
0.043 (0.277)
0.044 (0.284)
0.001 (0.007)
2.62%
0.042 (0.271)
0.046 (0.296)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

4.1 (18.10)
5.2 (23.14)
4.3 (19.33)
5.6 (24.91)
5.3 (23.58)
4.9 (21.81)
0.66 (2.93)
13.4%
3.8 (16.97)
6.0 (26.65)

91.7 (632)
113.8 (785)
99.2 (684)
130.5 (900)
123.3 (850)
111.7 (770)
16.2 (112)
14.5%
85.0 (586)
138.4 (954)

* Data not included in average due to data collection error
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Maximum
Young's
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)
0.0019*
0.0075
0.0053
0.0064
0.0015
24.3%
0.0003
0.0095

39.3 (271)*
15.7 (108)
17.9 (123)
16.8 (116)
1.6 (112)
9.2%
14.2 (68)
19.4 (300)

200
180

1200

EJSK

1000

140
120

Average

100

Specimen #1

80

Specimen #2

60

Specimen #3

40

95% Confidence,
90% Reliabilit y

20

8SC16.25d8b36L14H

0
0

0.005

0.01

0.015

800
600
400

Compressive Stress [MPa]

Compressive Stress [ksi]

160

200
0

0.02

Strain [in/in, cm/cm]

Figure 5.3 Stress versus Strain plot for EJSK Specimens

Table 5.4 shows the test results for the specimens with encapsulated joints
consolidated by wrapping with polyester shrink tape. Elastic modulus was not calculated
for Specimen 5 due to erroneous strain data from the extensometer. The strain value
remained constant during testing, which shows either a mechanical or human set-up error.
Human error is the likely cause of the malfunction because all other specimens measured
strain consistently and accurately. Specimen 5 was eliminated from the results because
the ultimate load and strain values for the specimen were not within 2% of the Chauvenet
envelope. Figure 5.4 shows the stress versus strain plots for these specimens. Specimen
5 is not included in the graph because of the strain error. This consolidation method
shows the least scatter of all the specimens with encapsulated joints.
Table 5.5 shows the test results for the specimens with encapsulated joints
consolidated by twisting the longitudinal member. Figure 5.5 shows the stress versus
strain plot for the specimens. All of the specimens fell within the Chauvenet criterion
envelope. The data for these specimens is extremely scattered. Observing the stressstrain plot shows the scatter graphically. Scatter of this magnitude is only observed in
these specimens. This is evidence of possible error in manufacturing of these specimens.
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Table 5.4 Test Results for EJPS Specimens
Area

Specimen
[#]

2

2

[in (cm )]

EJPS
1
2
3
4
5*
Average
Standard
Deviation
Chauvenet
Envelope

0.039 (0.250)
0.042 (0.269)
0.040 (0.257)
0.040 (0.258)
0.040 (0.255)
0.040 (0.258)
0.001 (0.007)
2.68%
0.038 (0.247)
0.042 (0.269)

Young's
Maximum
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

5.3 (23.62)
5.5 (24.44)
5.8 (25.61)
5.6 (24.91)
4.3 (18.94)
5.5 (24.64)
0.2 0.84
3.4%
4.3 (19.12)
6.3 (27.88)

136.9 (944)
131.7 (908)
144.3 (995)
140.0 (965)
107.8 (743)
138.2 (953)
5.3 (36)
3.8%
110.9 (748)
153.3 (1074)

0.0084
0.0075
0.0093
0.0081
0.0083
0.0007
8.8%
0.0066
0.0095

18.0 (124)
17.4 (120)
17.0 (117)
18.7 (129)
17.8 (122)
0.7 (5)
4.1%
16.57 (114)
18.96 (131)

* Specim en elim inated using Chauvenet's criterion; not included in average
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Figure 5.4 Stress versus Strain Plot for EJPS Specimens
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Table 5.5 Test Results for EJTM-180R Specimens
2

2

[in (cm )]

EJTM-180R
1
0.042 (0.268)
2
0.042 (0.274)
3
0.044 (0.283)
4
0.043 (0.279)
5
0.044 (0.281)
Average
0.043 (0.277)
Standard 0.001 (0.006)
2.21%
Deviation
Chauvenet 0.041 (0.267)
Envelope 0.044 (0.287)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

4.2 (18.81)
4.1 (18.20)
4.6 (20.33)
3.6 (16.20)
4.4 (19.39)
4.2 (18.58)
0.3 (1.55)
8.3%
3.6 (16.03)
4.8 (21.14)

101.9 (703)
96.5 (665)
104.3 (719)
84.4 (582)
100.0 (689)
97.4 (672)
7.9 (54)
8.1%
84.4 (582)
110.4 (761)

200

Compressive Stress [ksi]

180

Young's
Maximum
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]
0.0233
0.0048
0.0070
0.0040
0.0168
0.0112
0.0085
75.9%
-0.0028
0.0252

6.2 (42)
16.4 (113)
14.6 (101)
17.7 (122)
8.5 (59)
12.7 (87)
5.1 (35)
39.9%
4.3 (30)
21.0 (145)

Average
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Figure 5.5 Stress versus Strain Plot for EJTM-180R Specimens
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5.2.2

RESULTS OF SPECIMENS WITH INTERWOVEN JOINTS
As a whole, the specimens with interwoven joints experienced the most scatter in

their individual stress-strain plots. This is evidence of inconsistency caused by the
interwoven joint.
Table 5.6 shows test results for the specimens with interwoven joints consolidated
using a braided sleeve with 5.0 lb. (22.2 N) of tension per braiding tow. The maximum
strain value of Specimen 5 is within 2% of the Chauvenet envelope. This value is
included in the average and skews that average somewhat. The elastic modulus for
Specimen 5 was taken from the elastic portion of the stress strain curve below a stress of
40 ksi (275.8 MPa). Figure 5.6 is a stress versus strain plot for the specimens.

Table 5.6 Test Results for IJBS-AS6t5T Specimens
Specimen
[#]

Area
2

2

[in (cm )]

IJBS-AS6t5T
1
0.039 (0.250)
2
0.039 (0.252)
3
0.040 (0.255)
4
0.040 (0.255)
5
0.039 (0.254)
Average
0.039 (0.253)
Standard 0.0003 (0.002)
0.88%
Deviation
Chauvenet 0.039 (0.249)
Envelope 0.040 (0.257)

Ultimate
Load

Ultimate
Stress

[kip (kN)]

[ksi (MPa)]

3.9 (17.16)
99.7 (687)
3.9 (17.31)
99.8 (688)
4.1 (18.46) 105.0 (724)
4.2 (18.86) 107.3 (740)
4.2 (18.82) 107.6 (742)
4.1 (18.12) 103.9 (716)
0.19 (0.83)
3.9 (27)
4.6%
3.8%
3.8 (16.76)
97.4 (672)
4.4 (19.48) 110.38 (761)
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Maximum
Strain

Young's
Modulus

[in/in, m/m] [Mpsi (GPa)]
0.0072
0.0054
0.0059
0.0054
0.0114
0.0071
0.0025
35.5%
0.0029
0.0112

16.2 (112)
21.0 (145)
18.3 (126)
21.6 (149)
16.6 (114)
18.7 (129)
2.5 (17)
13.2%
14.7 (101)
22.8 (157)
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Figure 5.6 Stress versus Strain Plot for IJBS-AS6t5T Specimens

Table 5.7 shows test results for the specimens with interwoven joints consolidated
using a braided sleeve with 10 lb. (44.5 N) of tension per braiding tow. The maximum
strain of Specimen 4 is outside of the Chauvenet criterion envelope, but is within 2%;
therefore, it was included in the average calculations. Figure 5.7 shows the stress versus
strain plot of these specimens. These specimens show less scatter than the specimens
consolidated using the same method with only 5.0 lb. (22.2 N) of tension per braiding
tow.
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Table 5.7 Test Results for IJBS-AS6t10T Specimens
Area

Specimen
[#]

2

2

[in (cm )]

IJBS-AS6t10T
1
0.039 (0.252)
2
0.039 (0.254)
3
0.040 (0.258)
4
0.040 (0.259)
5
0.040 (0.258)
Average
0.040 (0.256)
Standard 0.0005 (0.003)
1.23%
Deviation
Chauvenet 0.039 (0.251)
Envelope
0.041 (0.262)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

4.1 (18.23)
4.0 (17.73)
4.0 (17.65)
4.1 (18.20)
3.9 (17.52)
4.0 (17.87)
0.1 (0.33)
1.8%
3.9 (17.33)
4.1 (18.40)

104.8 (723)
101.4 (699)
99.2 (684)
101.8 (702)
98.5 (679)
101.1 (697)
2.5 (17)
2.5%
97.0 (669)
105.2 (726)

Maximum
Young's
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]
0.0059
0.0061
0.0060
0.0045
0.0064
0.0058
0.0007
12.9%
0.0046
0.0070

18.4 (127)
17.7 (122)
18.7 (129)
18.2 (125)
18.4 (127)
18.3 (126)
0.3 (2)
1.9%
17.7 (122)
18.8 (130)
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Figure 5.7 Stress versus Strain Plot for IJBS-AS6t10T Specimens

Table 5.8 shows test results for the specimens with interwoven joints consolidated
using a coiled sleeve. Specimen 3 was eliminated using Chauvenet’s criterion applied to
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the Young’s Modulus. The Young’s modulus of Specimen 4 is taken at the elastic
portion of the stress-strain plot below 60 ksi (413.7 MPa), in Figure 5.8. The probable
range of average values shown in Figure 5.8 is for ultimate stresses of all specimens
except Specimen 3.

Table 5.8 Test Results for IJCS-AS3t5T Specimens
Specimen
[#]

Area
2

2

[in (cm )]

IJCS-AS3t5T
1
0.039 (0.252)
2
0.041 (0.265)
3*
0.039 (0.254)
4
0.039 (0.253)
5
0.039 (0.254)
Average
0.040 (0.256)
Standard 0.001 (0.006)
Deviation
2.28%
Chauvenet 0.038 (0.247)
Envelope 0.041 (0.264)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

4.2 (18.51)
3.9 (17.25)
3.9 (17.39)
3.8 (17.04)
4.7 (20.96)
4.1 (18.44)
0.4 (1.80)
9.8%
3.5 (15.51)
4.7 (20.96)

106.4 (734)
94.6 (652)
99.5 (686)
97.7 (674)
120.2 (829)
104.7 (722)
11.5 (79)
11.0%
86.8 (599)
120.5 (831)

* Specim en elim inated using Chauvenet's criterion; not included in average
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Maximum
Young's
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]
0.0053
0.0061
0.0029
0.0116
0.0080
0.0077
0.0028
36.5%
0.0014
0.0122

20.3 (140)
16.3 (112)
44.7 (308)
15.4 (106)
18.5 (128)
17.6 (122)
2.2 15
12.6%
2.8 (18)
43.3 (261)
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Figure 5.8 Stress versus Strain Plot for IJCS-AS3t5T Specimens

Table 5.9 and 5.10 show the test results for the interwoven specimens
consolidated using a sparse spiral Kevlar® wrap and by wrapping with polyester shrink
tape. Specimen 1 of Table 5.10 has a maximum strain that falls close to the Chauvenet
criterion envelope. The elastic modulus for this specimen is only outside the envelope by
0.3%, so the value was kept. Figures 5.9 and 5.10 show the stress versus strain plots for
these specimens.
Tables 5.11 and 5.12 show the test results for the interwoven specimens
consolidated by twisting the longitudinal member and by cinching the joints. Figures
5.11 and 5.12 show the stress versus strain plots of these sets of specimens, respectively.
The specimens consolidated by twisting the longitudinal member show the most scatter
of all the specimens.
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Table 5.9 Test Results for IJSK Specimens
Area

Specimen
[#]

2

2

[in (cm )]

IJSK
1
2
3
4
5
Average
Standard
Deviation
Chauvenet
Envelope

0.042 (0.271)
0.044 (0.286)
0.052 (0.335)
0.052 (0.335)
0.044 (0.285)
0.047 (0.303)
0.005 (0.031)
10.12%
0.039 (0.252)
0.055 (0.353)

Maximum
Young's
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

4.5 (19.87)
3.7 (16.31)
4.4 (19.71)
4.2 (18.50)
4.6 (20.57)
4.3 (18.99)
0.4 (1.67)
8.8%
3.6 (16.23)
4.9 (21.76)

106.4 (733)
82.8 (571)
85.2 (587)
80.0 (551)
110.1 (759)
92.9 (640)
14.2 (98)
15.3%
69.5 (479)
116.3 (802)

0.0076
0.0081
0.0072
0.0069
0.0069
0.0073
0.0005
7.3%
0.0065
0.0082

15.3 (106)
15.7 (108)
12.3 (85)
12.6 (87)
16.6 (114)
14.5 (100)
1.9 (13)
13.4%
11.3 (78)
17.7 (122)
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Figure 5.9 Stress versus Strain Plot for IJSK Specimens
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Table 5.10 Test Results for IJPS Specimens
Area

Specimen
[#]

2

2

[in (cm )]

IJPS
1
2
3
4
5
Average
Standard
Deviation
Chauvenet
Envelope

0.036 (0.230)
0.039 (0.248)
0.038 (0.247)
0.036 (0.235)
0.040 (0.255)
0.038 (0.243)
0.002 (0.010)
4.18%
0.035 (0.226)
0.040 (0.260)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

3.3 (14.65)
4.0 (17.78)
4.2 (18.56)
3.9 (17.48)
3.7 (16.42)
3.8 (16.98)
0.3 (1.51)
8.9%
3.3 (14.49)
4.4 (19.47)

92.3 (636)
103.8 (716)
109.0 (751)
108.0 (744)
93.5 (644)
101.3 (698)
7.9 (55)
7.8%
88.2 (608)
114.4 (789)

Young's
Maximum
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]
0.0041
0.0056
0.0054
0.0058
0.0060
0.0054
0.0008
14.1%
0.0041
0.0066

23.0 (159)
20.3 (140)
20.0 (138)
19.6 (135)
19.1 (132)
20.4 (141)
1.5 (11)
7.5%
17.9 (123)
22.9 (158)
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Figure 5.10 Stress versus Strain Plot for IJPS Specimens
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Table 5.11 Test Results for IJTM-180R Specimens
Area

Specimen
[#]

2

2

[in (cm )]

IJTM-180R
1
0.043 (0.277)
2
0.043 (0.275)
3
0.043 (0.275)
4
0.043 (0.277)
5
0.044 (0.284)
Average
0.043 (0.278)
Standard 0.001 (0.004)
1.30%
Deviation
Chauvenet 0.042 (0.272)
Envelope 0.044 (0.284)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

2.9 (12.89)
2.8 (12.28)
2.9 (13.04)
2.7 (12.04)
2.3 (10.21)
2.7 (12.09)
0.3 (1.13)
9.3%
2.3 (10.23)
3.1 (13.96)

67.4 (465)
64.6 (446)
68.8 (475)
63.1 (435)
52.2 (360)
63.2 (436)
6.6 (45)
10.4%
52.4 (361)
74.1 (511)

Young's
Maximum
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]
0.0037
0.0030
0.0046
0.0061
0.0031
0.0041
0.0013
31.5%
0.0020
0.0062

19.6 (135)
21.4 (148)
15.2 (105)
12.9 (89)
16.3 (113)
17.1 (118)
3.4 (23)
19.9%
11.5 (79)
22.7 (157)
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Figure 5.11 Stress versus Strain Plot for IJTM-180R Specimens
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Table 5.12 Test Results for IJCJ Specimens
Area

Specimen
[#]

2

2

[in (cm )]

IJCJ
1
2
3
4
5
Average
Standard
Deviation
Chauvenet
Envelope

0.047 (0.306)
0.045 (0.287)
0.045 (0.292)
0.044 (0.284)
0.044 (0.286)
0.045 (0.291)
0.001 (0.009)
3.01%
0.043 (0.277)
0.047 (0.306)

Ultimate
Load
[kip (kN)]

Maximum
Young's
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]

Ultimate
Stress
[ksi (MPa)]

3.2 (14.02)
3.4 (15.25)
3.2 (14.45)
3.2 (14.41)
3.6 (15.81)
3.3 (14.79)
0.2 (0.73)
4.9%
3.1 (13.59)
3.6 (15.99)

66.5 (458)
77.1 (531)
71.7 (494)
73.6 (508)
80.1 (552)
73.8 (509)
5.2 (36)
7.0%
65.2 (450)
82.3 (568)

0.0035
0.0038
0.0055
0.0047
0.0048
0.0045
0.0008
17.8%
0.0031
0.0058

20.9 (144)
16.3 (112)
14.0 (97)
16.5 (114)
15.9 (110)
16.7 (115)
2.5 (17)
15.1%
12.6 (87)
20.9 (144)
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Figure 5.12 Stress versus Strain Plot for IJCJ Specimens
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5.2.3

RESULTS OF SPECIMENS WITHOUT JOINTS
The test results of the specimens without joints were more consistent than the

specimens with encapsulated and interwoven joints. None of the specimen data fell
outside of the Chauvenet envelope. The test results for the specimens without joints are
shown in Tables 5.13-5.18. Their corresponding stress versus strain plots are shown in
Figures 5.13-5.18. The specimens consolidated by twisting the longitudinal member
showed the most scatter of all the specimens.

Table 5.13 Test Results for NJBS-AS6t5T Specimens
Specimen
[#]

Area
2

2

[in (cm )]

NJBS-AS6t5T
1
0.041 (0.261)
2
0.041 (0.263)
3
0.040 (0.258)
4
0.041 (0.263)
5
0.038 (0.242)
Average
0.040 (0.258)
Standard 0.001 (0.009)
3.49%
Deviation
Chauvenet 0.038 (0.243)
Envelope 0.042 (0.272)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

6.8 (30.22)
6.7 (29.79)
6.6 (29.40)
6.3 (28.10)
7.0 (30.95)
6.7 (29.69)
0.2 (1.06)
3.6%
6.3 (27.94)
7.1 (31.44)

167.7 (1157)
164.1 (1132)
165.3 (1139)
154.8 (1068)
185.5 (1279)
167.5 (1155)
11.2 (77)
6.7%
149.0 (1027)
186.0 (1282)
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Maximum
Young's
Strain
Modulus
[in/in, m/m] [Mpsi (GPa)]
0.0104
0.0102
0.0105
0.0094
0.0110
0.0103
0.0006
5.6%
0.0093
0.0113

16.9 (116)
17.5 (120)
17.4 (120)
18.0 (124)
18.2 (125)
17.6 (121)
0.5 (4)
3.0%
16.7 (115)
18.5 (127)
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Figure 5.13 Stress versus Strain Plot for NJBS-AS6t5T Specimens

Table 5.14 Test Results for NJCS-AS3t5T Specimens
Specimen
[#]

Area
2

2

[in (cm )]

NJCS-AS3t5T
1
0.041 (0.262)
2
0.041 (0.261)
3
0.040 (0.259)
4
0.039 (0.254)
5
0.040 (0.256)
Average 0.040 (0.258)
Standard 0.001 (0.003)
1.28%
Deviation
Chauvenet 0.039 (0.253)
Envelope 0.041 (0.264)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

5.4 (24.13)
6.3 (27.99)
5.6 (25.08)
6.4 (28.43)
6.9 (30.49)
6.1 (27.22)
0.6 (2.59)
9.5%
5.2 (22.95)
7.1 (31.50)

133.6 (921)
155.3 (1071)
140.6 (970)
162.2 (1119)
172.6 (1190)
152.9 (1054)
15.9 (109)
10.4%
126.7 (874)
179.1 (1235)
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Young's
Maximum
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]
0.0079
0.0096
0.0089
0.0114
0.0091
0.0094
0.0013
13.9%
0.0072
0.0115

17.6 (121)
17.4 (120)
17.3 (119)
17.0 (117)
18.7 (129)
17.6 (121)
0.6 (4)
3.7%
16.5 (114)
18.7 (129)
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Figure 5.14 Stress versus Strain Plot for NJCS-AS3t5T Specimens

Table 5.15 Test Results for NJSK Specimens
Specimen
[#]
NJSK
1
2
3
4
5
Average
Standard
Deviation
Chauvenet
Envelope

Area
2

2

[in (cm )]
0.043 (0.279)
0.043 (0.277)
0.041 (0.267)
0.042 (0.272)
0.044 (0.285)
0.043 (0.276)
0.001 (0.007)
2.5%
0.041 (0.265)
0.045 (0.288)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

7.3 (32.32)
5.5 (24.56)
6.3 (28.07)
6.5 (29.12)
6.7 (29.83)
6.5 (28.78)
0.6 (2.83)
9.8%
5.4 (24.11)
7.5 (33.45)

167.4 (1154)
128.4 (885)
150.7 (1039)
155.2 (1070)
151.7 (1046)
150.7 (1039)
14.1 (97)
9.4%
127.4 (878)
174.0 (1200)
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Young's
Maximum
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]
0.0119
0.0088
0.0102
0.0099
0.0104
0.0102
0.0011
10.9%
0.0084
0.0121

15.9 (110)
15.7 (108)
16.7 (115)
16.5 (114)
15.5 (107)
16.1 (111)
0.5 (4)
3.2%
15.2 (105)
16.9 (117)

200

NJSK

180

Compressive Stress [ksi]

160

Average
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Figure 5.15 Stress versus Strain Plot for NJSK Specimens

Table 5.16 Test Results for NJPS Specimens
Specimen
[#]
NJPS
1
2
3
4
5
Average
Standard
Deviation
Chauvenet
Envelope

Area
2

2

[in (cm )]
0.040 (0.256)
0.041 (0.263)
0.039 (0.249)
0.039 (0.251)
0.039 (0.250)
0.039 (0.254)
0.001 (0.006)
2.30%
0.038 (0.244)
0.041 (0.264)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

5.4 (24.08)
5.4 (24.19)
5.7 (25.30)
4.3 (18.92)
4.8 (21.46)
5.1 (22.79)
0.6 (2.58)
11.3%
4.2 (18.53)
6.1 (27.05)

136.3 (940)
133.3 (919)
147.3 (1016)
109.3 (754)
124.3 (857)
130.1 (897)
14.2 (98)
10.9%
106.6 (735)
153.6 (1059)
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Young's
Maximum
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]
0.0083
0.0080
0.0085
0.0061
0.0070
0.0076
0.0010
13.6%
0.0059
0.0093

17.6 (122)
17.7 (122)
18.2 (126)
18.2 (125)
18.0 (124)
18.0 (124)
0.3 (2)
1.5%
17.5 (121)
18.4 (127)

200

NJPS
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160

Average
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Figure 5.16 Stress versus Strain Plot for NJPS Specimens

Table 5.17 Test Results for NJTM-180R Specimens
Specimen
[#]

Area
2

2

[in (cm )]

NJTM-180R
1
0.043 (0.276)
2
0.042 (0.272)
3
0.043 (0.278)
4
0.041 (0.263)
5
0.042 (0.273)
Average
0.042 (0.272)
Standard 0.001 (0.006)
Deviation
2.19%
Chauvenet 0.041 (0.263)
Envelope 0.044 (0.282)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

3.5 (15.44)
3.1 (13.90)
3.4 (15.02)
3.8 (16.79)
3.4 (15.21)
3.4 (15.27)
0.2 (1.04)
6.8%
3.0 (13.56)
3.8 (16.98)
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81.1 (559)
74.0 (510)
78.4 (540)
92.7 (639)
80.9 (557)
81.4 (561)
6.9 (48)
8.5%
70.0 (482)
92.9 (640)

Maximum
Young's
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]
0.0054
0.0052
0.0040
0.0057
0.0053
0.0051
0.0006
12.5%
0.0041
0.0062

15.2 (104)
14.1 (97)
16.3 (112)
15.6 (107)
14.7 (101)
15.2 (105)
0.8 (6)
5.4%
13.8 (95)
16.5 (114)
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Figure 5.17 Stress versus Strain Plot for NJTM180R Specimens

Table 5.18 Test Results for NJTM-24R Specimens
Specimen
[#]

Area
2

2

[in (cm )]

NJTM-24R
1
0.043 (0.280)
2
0.043 (0.278)
3
0.043 (0.278)
4
0.043 (0.280)
5
0.044 (0.281)
Average
0.043 (0.279)
Standard 0.000 (0.001)
Deviation
0.43%
Chauvenet 0.043 (0.277)
Envelope 0.044 (0.281)

Ultimate
Load
[kip (kN)]

Ultimate
Stress
[ksi (MPa)]

5.0 (22.31)
6.2 (27.38)
6.2 (27.59)
5.5 (24.46)
5.6 (24.91)
5.7 (25.33)
0.5 (2.20)
8.7%
4.9 (21.70)
6.5 (28.96)

115.6 (797)
142.8 (985)
143.9 (992)
126.7 (873)
128.7 (888)
131.5 (907)
11.9 (82)
9.0%
111.9 (772)
151.2 (1042)
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Maximum
Young's
Modulus
Strain
[in/in, m/m] [Mpsi (GPa)]
0.0076
0.0081
0.0101
0.0084
0.0089
0.0086
0.0009
10.7%
0.0071
0.0101

15.5 (107)
16.0 (110)
15.9 (110)
15.1 (104)
15.3 (106)
15.6 (107)
0.4 (3)
2.4%
15.0 (103)
16.2 (112)
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Figure 5.18 Stress versus Strain Plot for NJTM-24R Specimens

5.3

FAILURE MODES
The failure modes for the test specimens are dependent upon consolidation

method and are independent of tow intersection pattern at the joint, except for the
specimens consolidated using a sparse spiral Kevlar® wrap. This section details the
failure modes of the specimens presented by method of consolidation.
The longitudinal member of the specimens consolidated using a braided sleeve
with 5.0 lb (22.2 N) of tension per braiding tow failed in compression inside the braided
sleeve between the end fixtures. The braided sleeve prohibited catastrophic failure of the
specimens. Figure 5.19 shows a specimen consolidated using a braided sleeve after
failure. Failure of the specimen is unnoticeable because of the braided sleeve. Failure in
the specimens consolidated using a braided sleeve with 10.0 lb (44.5 N) of tension per
braiding tow was similar to these specimens.
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Figure 5.19 Typical Specimen Consolidated Using a Braided Sleeve After Failure

The specimens consolidated using a coiled sleeve failed similar to the braided
sleeve. The failure mode was independent of tow intersection pattern at the joint. When
subjected to high compressive loads, the longitudinal member failed in compression
beneath the coiled sleeve. The failures usually could not be detected with the naked eye
because of the coiled sleeve. In some instances, the compressive failure of the
longitudinal member caused the coiled sleeve to uncoil. This occurred in between the
end fixtures at random locations depending on the specimen. Typical failure of a
specimen consolidated using a coiled sleeve is shown in Figure 5.20.
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Figure 5.20 Typical Failure of Specimens Consolidated Using a Coiled Sleeve

Failure in the specimens consolidated using a sparse spiral wrap was catastrophic,
loud, and sudden. For the specimens without joints and with encapsulated joints,
compression failure of the tows in the longitudinal member occurred. For the specimens
with interwoven joints, outward bulging of the longitudinal member was present with
fiber delamination and individual fiber buckling. Figure 5.21 shows typical failure of a
specimen without a joint consolidated using a sparse spiral Kevlar® wrap. Figure 5.22 is
a typical failure of an encapsulated joint consolidated using a sparse spiral Kevlar® wrap.
Figure 5.23a and 5.23b show before and after photographs of a typical failure of an
interwoven joint consolidated using a sparse spiral Kevlar® wrap. Bulging of the
longitudinal member is noticeable, along with the broken tows of the sparse spiral
Kevlar® wrap and individual fiber buckling.
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Figure 5.21 Typical Failure of Specimens without a Joint Consolidated using a
Sparse Spiral Kevlar® Wrap

Figure 5.22 Typical Failure of Specimens without a Joint and with Encapsulated
Joints Consolidated Using a Sparse Spiral Kevlar® Wrap
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(a)

(b)

Figure 5.23 Typical Failure of an Interwoven Joint Consolidated Using a Sparse
Spiral Kevlar® Wrap: a) Before Failure; and, b) After Failure

Failure of specimens consolidated using a polyester shrink tape sleeve failed
suddenly and catastrophically. The failure observed was similar for all tow intersection
patterns. In some cases, the specimen failed at the joint, and the encapsulating tows of
the helical member exploded off. Compression failure occurred in the tows of the
longitudinal member along with outward bulging which is evidence of delamination and
fiber buckling. Figure 5.24 shows a specimen consolidated using a polyester shrink tape
sleeve after failure. Half of the encapsulating tows of the helical member are shown
along with the failure.

120

Figure 5.24 Typical Failure of an Encapsulated Joint Consolidated Using a
Polyester Shrink Tape Sleeve

The specimens consolidated by twisting the longitudinal member failed by
untwisting and delamination of the tows in the longitudinal member. Figure 5.25 shows a
typical failure of a specimen with an encapsulated joint consolidated by twisting the
longitudinal member and the increased support provided by the encapsulating tows of the
helical member. The specimens consolidated by twisting the longitudinal member with a
rate of twist 24°/in. (9.44°/cm) failed similar to these specimens.
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Figure 5.25 Typical Failure of Encapsulated Joint Consolidated by Twisting the
Longitudinal Member
Failure in the specimens consolidated by cinching the longitudinal member above
and below the joint was catastrophic, always occurring at the cinched portion of the
longitudinal member. The cinching tows caused undesirable stress concentrations in the
fibers facilitating pre-mature failure. A typical failure of a specimen consolidated by
cinching the longitudinal members at the joint is shown in Figure 5.26.

Figure 5.26 Typical Failure of a Specimen Consolidated by Cinching the Joint
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5.4

CHAPTER SUMMARY
This chapter presented the individual test results for all of the joint specimens

tested. Out of the 90 specimens tested, 3 maximum strain values were not obtained
because of test data retrieval error, and 3 specimens were eliminated using Chauvenet’s
criterion. Comparing the scatter of the individual specimens shows the specimens
without joints having the least amount of scatter, followed by the specimens with
encapsulated joints. The specimens with interwoven joints show the most scatter. For all
tow intersection patterns at the joint, the specimens consolidated by twisting the
longitudinal member showed the most scatter. This is evidence of manufacture
inconsistency for this method of consolidation. The individual results presented in this
chapter were used to obtain the average results for each set of specimens. The failure
modes for different consolidation methods were described and detailed.
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CHAPTER 6 - CONFIGURATION AVERAGES
The averages for each configuration of specimens are presented in this chapter
along with a brief description. The test result averages are presented by tow intersection
pattern at the joint. Included with these averages are the void percentage and fiber
volume measurements. The preparation and analysis required to obtain these
measurements was a time intensive process; therefore, it was impractical to obtain
measurements for all specimen cross-sections. The void percentage and fiber volume
measurements were taken from one representative cross-section for each set. Complete
tables of these measurements are in Appendix C.
In the charts comparing cross-sectional area, the dashed horizontal line represents
the nominal cross-sectional area of 0.0387 in2 (0.250 cm2) calculated for a specimen with
36 tows in the longitudinal members, using an area per tow of 0.0007 in2 (0.25 cm2) and a
fiber volume of 65%.
The load versus displacement and stress versus strain plots in this chapter include
an average of the averages of the consolidation methods. This average plot has a
probable range of the average value representing 90% reliability at a 95% confidence
level. The standard deviations shown in the tables were adjusted for sample size. The
standard deviations shown in the tables are the actual standard deviations before being
adjusted.

6.1

SPECIMENS WITH ENCAPSULATED JOINTS
Table 6.1 shows the measured physical properties for the configurations with

encapsulated joints. The configurations consolidated using a braided sleeve, coiled
sleeve, and a polyester shrink tape sleeve had the smallest average cross-sectional area of
0.040 in2 (0.26 cm2). The configuration consolidated using a sparse spiral Kevlar® wrap
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had the largest average cross-sectional area of 0.044 in2 (0.28 cm2). This is evidence of
poor consolidation. The cross-section value of the configuration consolidated by twisting
the longitudinal member is large because of the twisting effect. During the twisting
process the twisting ends of the fiber bundles tighten towards each other, tightening the
fibers and expanding the cross-section outwards, similar to twisting of a rope or cable.
This creates a larger cross-section and results in the fibers being at an angle to the
longitudinal axis, with the fibers furthest away from the longitudinal axis of the bundle
having the greatest angle. A comparison of the cross-sectional areas is shown in Figure
6.1.

Table 6.1 Average Physical Properties of Configurations with Encapsulated Joints
Configuration
EJBS-AS6t5T
EJCS-AS3t5T
EJSK
EJPS
EJTM-180R
Average
Standard Deviation

Average Area
2

2

[in (cm )]
0.040 (0.26)
0.040 (0.26)
0.044 (0.28)
0.040 (0.26)
0.043 (0.28)
0.041 (0.27)
0.002 (0.01)
4.5%

Average Average
Voids
Local Vf
[%]
[%]
1.9
55.4
2.0
57.6
5.7
52.8
1.0
56.0
1.4
66.4
2.4/1.5*
57.6
1.9/0.5*
5.2
79%/33%* 9.0%

Average
Vf
[%]
54.4
56.4
49.8
55.4
65.4
56.3
5.7
10.1%

Average Local V f = Measured fiber volum e percentage taken from photographs without voids
Average V f = Fiber volum e percentage of specim en including voids
* Indicates Value Not Including EJSK Specim ens
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Figure 6.1 Graph of Cross-sectional Area for Each Configuration with
Encapsulated Joint

The configuration consolidated using a sparse spiral Kevlar® wrap had the
highest percentage of voids at 5.7%. The voids were easily visible with the naked eye.
This value is much higher than the other configurations and skews the average. The
average of the encapsulated joints not including this configuration is 1.6%. Figure 6.2
shows a comparison of the void percentages for the configurations of encapsulated joints.
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Figure 6.2 Graph of Void Content for Each Configuration of Encapsulated Joint

The average fiber volume percentages of the configurations consolidated using a
braided sleeve, coiled sleeve, and a polyester shrink tape sleeve are within 4% of each
other and close to the average for all configurations of encapsulated joints of 57.6%. The
configuration consolidated using a sparse spiral Kevlar® wrap has the lowest average
fiber volume percentage of 52.8%, partially due to the voids in the specimens. The
configuration consolidated by twisting the longitudinal member has the highest average
fiber volume percentage at 66.4%. This is a result of the tows in the longitudinal member
twisting together and squeezing out resin during curing, and of the individual fibers at
angles to the longitudinal axis. Figure 6.3 is a comparison of local fiber volume
percentage measurements.
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Figure 6.3 Graph of Local Fiber Volume Percentage for Each Configuration of
Encapsulated Joint

Table 6.2 shows the test results for the configurations of encapsulated joints.
Figure 6.4 is a load versus displacement plot of the configurations of encapsulated joints.
The configurations consolidated using a braided sleeve, a coiled sleeve, and a polyester
shrink tape sleeve have ultimate loads within 3% of each other. This phenomenon is
easily observed in the figure. The configuration consolidated by twisting the longitudinal
member had the lowest average ultimate load of 4.18 kip (18.58 KN). This is clearly an
outlier and represents a poor method of consolidation.
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Table 6.2 Average Test Results of Configurations with Encapsulated Joints
Average Ultimate
Load
[kip (kN)]
EJBS-AS6t5T
5.72 (25.44)
EJCS-AS3t5T
5.77 (25.67)
EJSK
4.90 (21.81)
EJPS
5.54 (24.64)
EJTM-180R
4.18 (18.58)
Ave rage
5.22 (23.23)
0.68 (3.02)
Standard Deviation
13.0%
Configuration

Average Ultimate Average Max. Average Young's
Strain
Stress
Modulus
[in/in, cm/cm] [Mpsi (GPa)]
[ksi (MPa)]
140.1 (966)
0.0098
17.7 (122)
142.7 (984)
0.0082
18.0 (124)
111.7 (770)
0.0064
16.8 (116)
138.2 (953)
0.0083
17.8 (122)
97.4 (672)
0.0112
12.7 (87)
126.0 (869)
0.0088
16.6 (114)
20.31 (140)
0.0018
2.22 (15)
16.1%
13.4%
20.7%
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Figure 6.4 Average Load vs. Displacement Plots for Configurations with
Encapsulated Joints

Figure 6.4 is a stress versus strain plot of the configurations of encapsulated
joints. The configurations consolidated using a braided sleeve, a coiled sleeve, and a
polyester shrink tape sleeve have average ultimate stresses within 3% of each other. This
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phenomenon is easily observed in the figure. The configuration consolidated by twisting
the longitudinal member had the lowest average ultimate stress of 97.4 ksi (672 MPa).
This is clearly an outlier and represents a poor method of consolidation.
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Figure 6.5 Average Stress vs. Strain Plots for Configurations with Encapsulated
Joints

The average ultimate strain values of the configurations consolidated using a
braided sleeve, a coiled sleeve, and a polyester shrink tape sleeve are similar and close to
the average of 0.0088 in/in (cm/cm). The configuration consolidated by twisting the
longitudinal members had the highest average ultimate strain of 0.0122 in/in (cm/cm).
The elastic modulus values of the configurations consolidated using a braided
sleeve, coiled sleeve, and a polyester shrink tape sleeve are within 2% of each other. The
elastic modulus of the configuration consolidated using a sparse spiral Kevlar® wrap is
approximately 95% of the elastic modulus of the specimens consolidated using a braided
sleeve. The configuration consolidated by twisting the longitudinal member had an
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elastic modulus which is 73% of the specimens consolidated using a braided sleeve. The
lower elastic modulus for this configuration is easily noticeable in the figure.
As evidenced by the test results above, the configurations consolidated using a
braided sleeve, coiled sleeve, and a polyester shrink tape sleeve were similar in
consolidation quality for the encapsulated tow intersection pattern. The configuration
consolidated using a sparse spiral Kevlar® wrap was proven inferior for this tow
intersection pattern at the joint. The results show the inferior properties and lower
strength of this configuration. The configuration consolidated by twisting the
longitudinal member displayed the poorest properties and lowest strength for the
encapsulated joints. This is due to the high rate of twist required to consolidate the
members at the joint.

6.2

SPECIMENS WITH INTERWOVEN JOINTS
Table 6.3 shows the measured physical properties for the configurations of

interwoven joints. The configuration consolidated using a polyester shrink tape sleeve
had the smallest average cross-sectional area of 0.038 in2 (0.24 cm2). The configurations
consolidated using a braided or coiled sleeve have similar cross-section values. The
configuration consolidated using a sparse spiral Kevlar® wrap have the largest crosssectional area of 0.047 in2 (0.30 cm2). Figure 6.6 is a comparison of cross-sectional areas
for the configurations of interwoven joints. The probable range of average values of the
configuration consolidated using a sparse spiral Kevlar® wrap is extremely large due to
the inconsistencies in the consolidation method.
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Table 6.3 Average Physical Properties of Configurations with Interwoven Joints
Average Area

Configuration

2

2

[in (cm )]

IJBS-AS6t5T
IJBS-AS6t10T
IJCS-AS3t5T
IJSK
IJPS
IJTM-180R
IJCJ
Average
Standard Deviation

0.039 (0.25)
0.040 (0.26)
0.040 (0.26)
0.047 (0.30)
0.038 (0.24)
0.043 (0.28)
0.045 (0.29)
0.042 (0.27)
0.003 (0.02)
8.3%

Average
Average
Voids
Local Vf
%
%
1.2
64.8
1.3
57.3
1.2
61.4
8.5
59.5
1.1
64.3
1.1
68.2
1.6
64.7
2.3/1.3*
62.9
2.7/0.2*
3.4
117%/17%* 5.4%

Average
Vf
%
64.0
56.6
60.7
54.4
63.6
67.5
62.3
61.3
4.5
7.4%

V f = Measured fiber volum e percentage taken from photographs without voids
V f with Voids = Fiber volum e percentage of specim en including voids
* Indicates value not including IJSK Specim ens
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Figure 6.6 Graph of Cross-sectional Area for Each Configuration of Interwoven
Joints
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The configuration consolidated using a sparse spiral Kevlar® wrap had the
highest percentage of voids at 8.5%. The voids were easily visible with the naked eye.
This value is much higher than the other configurations and skews the average. The
voids in this configuration were towards the center of the member, creating a tube-like
cross-section (see Figure 6.7). This enlarged tubular cross-section increases the local
moment of inertia of the individual members, thus potentially increasing the local
buckling strength. This effect was seen mainly in the specimens with interwoven joints
and in specimens without joints.

Figure 6.7 Tubing Effect in a Specimen Consolidated Using a Sparse Spiral
Kevlar® Wrap

134

20

20
18

Interwoven Joints

Void Percentage Measurements
Average Values

16

95% Confidence,90% Reliability

15

12
10

10
8

Void Content [%]

Void Content [%]

14

6
5

4
2
0

0
Braided
Sleeve
[5 lb.]

Braided
Sleeve
[10 lb.]

Coiled
Sleeve
[5 lb.]

Spiral Polyester
Twisted Cinched
Kevlar ShrinkTape Member Joint
Wrap Sleeve
[180°/in.] [10 lb.]

Figure 6.8 Graph of Void Content for Each Configuration of Interwoven Joints

The average void percentage of the configurations not including this specimen is
1.25%. The void percentage for the configuration consolidated by cinching the
longitudinal member at the joint is 36% more than the average of the other specimens,
not including the configuration consolidated using a sparse spiral Kevlar® wrap. Figure
6.8 shows a comparison of the void percentages for the configurations of interwoven
joints.
The average fiber volume percentages of the configurations with interwoven
joints are all similar. The configuration consolidated using a sparse spiral Kevlar® wrap
has the lowest fiber volume percentage of 54.4%. This is a result of the large void
percentage of this configuration. The configuration consolidated by twisting the
longitudinal member has the highest average fiber volume percentage at 67.5%. This is a
result of the tows in the longitudinal member twisting together and squeezing out resin
during curing, and of the individual fibers at angles to the longitudinal axis. Figure 6.9 is
a comparison of local fiber volume percentage measurements.
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Table 6.4 shows the average test results for the configurations of interwoven
joints. Figure 6.10 is a load versus displacement plot for the configurations of
interwoven joints. The configurations consolidated using a braided sleeve with 5.0 lb.
(22.2 N) of tension per braiding tow, a braided sleeve with 10.0 lb. (44.5 N) of tension
per braiding tow, and a coiled sleeve have ultimate loads within 3% of each other. The
configurations consolidated by twisting the longitudinal member had the lowest average
ultimate load of 2.72 kip (12.09 KN). This is clearly an outlier and represents a poor
method of consolidation. The configuration consolidated using a sparse spiral Kevlar®
wrap has the highest ultimate load of 4.27 kip (18.99 KN).
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Fiber Volume [%]

Fiber Volume [%]

90
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Table 6.4 Average Test Results for Configurations with Interwoven Joints
Average Ultimate
Load
[kip (kN)]
IJBS-AS6t5T
4.07 (18.12)
IJBS-AS6t10T
4.02 (17.87)
IJCS-AS3t5T
4.14 (18.44)
IJSK
4.27 (18.99)
IJPS
3.82 (16.98)
IJTM-180R
2.72 (12.09)
IJCJ
3.32 (14.79)
Ave rage
3.77 (16.75)
0.56 (2.47)
Standard Deviation
14.7%
Configuration

Average Ultimate Average Max. Average Young's
Modulus
Stress
Strain
[ksi (MPa)]
[in/in, cm/cm] [Mpsi (GPa)]
103.9 (716)
0.0071
18.7 (129)
101.1 (697)
0.0058
18.3 (126)
104.7 (722)
0.0077
17.6 (122)
92.9 (640)
0.0073
14.5 (100)
101.3 (698)
0.0054
20.4 (141)
63.2 (436)
0.0041
17.1 (117.9)
73.8 (509)
0.0045
16.7 (115.2)
91.6 (631)
0.0060
17.6 (121.5)
16.5 (114)
0.0014
1.8 (13)
24.1%
18.0%
10.4%
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Figure 6.10 Average Load vs. Displacement Plots for Configurations with
Interwoven Joints
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Figure 6.11 is the stress versus strain plots for the configurations of interwoven
joints. The average ultimate stresses of the configurations consolidated using a braided
sleeve with 5.0 lb. (22.2 N) of tension per braiding tow, a braided sleeve with 10.0 lb.
(44.5 N) of tension per braiding tow, a coiled sleeve, and a polyester shrink tape sleeve
have average ultimate stress values within 4% of each other. This is evidence of similar
quality of consolidation among these configurations. The configuration consolidated
using a sparse spiral Kevlar® wrap had a lower average ultimate stress due to their high
average cross-sectional area. The configuration consolidated by twisting the longitudinal
member had the lowest average ultimate stress of 63.2 ksi (436 MPa). This is evidence
of the poor strength properties exhibited by this consolidation method.
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Figure 6.11 Average Stress vs. Strain Plots for Configurations with Interwoven
Joints

The average ultimate strain values of the configurations are similar to each other
close to the average of 0.0060 in/in (cm/cm). The configurations consolidated by
twisting the longitudinal member and by cinching the longitudinal member at the joint
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have the lowest ultimate strain values of 0.0041 in/in (cm/cm) and 0.0045 in/in (cm/cm),
respectively. This is directly related to the low ultimate stress values of these specimens.
Figure 6.11 also shows the variation in Young’s modulus among the
configurations. The four configurations with the highest ultimate stresses have similar
Young’s modulus values. The other configurations are lower and scattered with the
specimens consolidated using a sparse spiral Kevlar® wrap the lowest at 14.5 Mpsi (100
GPa).
As evidenced by the discussion above, the configurations consolidated using a
braided sleeve with 5.0 lb. (22.2 N) of tension per braiding tow, braided sleeve with 10.0
lb. (44.5 N) of tension per braiding tow, coiled sleeve, and a polyester shrink tape sleeve
showed very similar test results. This can be interpreted as meaning that these three
consolidation methods are very comparable in quality of consolidation for interwoven
joints. The configuration consolidated using a sparse spiral Kevlar® wrap were proven
inferior. The results show the decrease in strength and stiffness associated with this
consolidation method. The high ultimate load results shown were undermined by
inconsistencies in physical property values and low ultimate stress and Young’s modulus
values. Consolidation by twisting the longitudinal member results in poor consolidation,
evidenced by the test results shown previously. This is due to the high rate of twist
required to consolidate the members at the joint, and the specific failure mode exhibited
by these specimens. The configuration consolidated by cinching of the longitudinal
member at the joints demonstrated poor test results proving this method to be poor for
consolidation. This was also evident in the visual appearance of these specimens.

6.3

SPECIMENS WITHOUT JOINTS
Consolidation of specimens without joints was facilitated by the fact that no

helical members intersected the longitudinal member. This enabled better consolidation
and resulted in higher strength results.
Table 6.5 shows the measured properties for the member specimens without
joints. In comparing the cross-section area for the specimens without joints, the
configurations consolidated using a braided sleeve, coiled sleeve, and a polyester shrink
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tape sleeve had similar average cross-section areas of approximately 0.040 in2 (0.26 cm2).
The configuration consolidated by twisting the longitudinal member 180°/in. (70.9°/cm)
had a somewhat larger average cross-section of 0.042 in2 (0.27 cm2). The configutations
consolidated using a sparse spiral Kevlar® wrap, and by twisting the longitudinal
member 24°/in. (9.44 °/cm) had the largest average cross-sectional area of 0.043 in2 (0.28
cm2). Figure 6.12 is a comparison of the cross-sectional areas for the configurations
without joints.

Table 6.5 Average Physical Properties of Configurations without Joints

Configuration
NJBS-AS6t5T
NJCS-AS3t5T
NJSK
NJPS
NJTM-180R
NJTM-24R
Ave rage
Standard Deviation

Average Area
2

2

[in (cm )]
0.040 (0.26)
0.040 (0.26)
0.043 (0.28)
0.039 (0.25)
0.042 (0.27)
0.043 (0.28)
0.041 (0.26)
0.002 (0.01)
4.1%

Average
Average
Voids
Local Vf
[%]
[%]
0.2
65.4
2.7
62.2
9.0
54.6
1.5
62.6
0.5
66.9
1.6
56.3
2.8/1.3*
62.3
3.3/1.0*
4.9
118%/76%* 7.9%

V f = Measured fiber volum e percentage taken from photographs without voids
V f with Voids = Fiber volum e percentage of specim en including voids
* Indicates value not including NJSK Specim ens
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Figure 6.12 Graph of Cross-sectional Area for Configurations without Joints

The configurations consolidated using a sparse spiral Kevlar® wrap had the
highest percentage of voids at 9.0%. The voids were easily visible with the naked eye.
This value is much higher than the other configurations and skews the average. The
average void percentage not including these specimens was 1.3%. The tubing effect
described in the previous section occurred in these specimens. Figure 6.13 compares the
void percentages for all of the configurations without joints.
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Figure 6.13 Graph of Void Content for Configurations without Joints

The average fiber volume percentages of the configurations without joints are all
similar. The configuration consolidated using a sparse spiral Kevlar® wrap have the
lowest fiber volume percentage of 49.7%. This is a result of the large void percentage of
this configuration. The configuration consolidated by twisting the longitudinal member
has the highest average fiber volume percentage at 66.6%. This is a result of the tows in
the longitudinal member twisting together and squeezing out resin during curing, and of
the individual fibers at angles to the longitudinal axis. Figure 6.14 is a comparison of
local fiber volume percentage measurements.
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Joints

Table 6.6 shows the test results for each configuration of specimens without
joints. Figure 6.15 is a load versus displacement plot of the configurations without joints.
The configurations consolidated using a braided sleeve, a coiled sleeve, and using a
sparse spiral wrap have similar ultimate loads above 6.0 kip (26.69 KN). The
configuration consolidated by twisting the longitudinal member had the lowest average
ultimate load of 3.43 kip (15.27 KN). This is clearly an outlier and represents a poor
method of consolidation. The configuration consolidated by twisting the longitudinal
member 24°/in. (9.44°/cm) has a much higher strength than the specimen consolidated by
twisting the longitudinal member 180°/in. (70.9°/cm).
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Table 6.6 Average Test Results for Configurations without Joints
Average Ultimate
Load
[kip (kN)]
NJBS-AS6t5T
6.67 (29.69)
NJCS-AS3t5T
6.12 (27.22)
NJSK
6.47 (28.78)
NJPS
5.12 (22.79)
NJTM-180R
3.43 (15.27)
NJTM-24R
5.69 (25.33)
Average
5.59 (24.85)
1.19 (5.31)
Standard Deviation
21.4%
Configuration

Average Ultimate Average Max. Average Young's
Stress
Modulus
Strain
[ksi (MPa)]
[in/in, cm/cm] [Mpsi (GPa)]
167.5 (1155)
0.0103
17.6 (121)
152.9 (1054)
0.0094
17.6 (121)
150.7 (1039)
0.0102
16.1 (111)
130.1 (897)
0.0076
18.0 (124)
81.4 (561)
0.0051
15.2 (105)
131.5 (907)
0.0086
15.6 (107)
0.0085
135.7 (936)
16.7 (115)
30.1 (207)
0.0020
1.2 (8)
22.2%
7.2%
7.2%
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Figure 6.15- Average Load vs. Deflection Plot for Configurations without Joints

Figure 6.16 is the stress versus strain plots for the configurations without joints.
The configurations consolidated using a braided sleeve have the highest average ultimate
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stress of 167.5 ksi (1155 MPa). This value is 9.5% higher than the average stress of the
next strongest configuration. The average ultimate stress of the configuration
consolidated using a sparse spiral Kevlar® wrap was similar to the coiled sleeve. The
average ultimate stress of the configuration consolidated using a polyester shrink tape
sleeve were lower than the configuration consolidated with a sprase spiral Kevlar® wrap
at 130.1 ksi (897 MPa). The configuration consolidated by twisting the longitudinal
member 180°/in. (70.9°/cm) had the lowest average ultimate stress of 81.4 ksi (561 MPa).
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Figure 6.16 Average Stress vs. Strain Plot for Configurations without Joints

The maximum strain averages for the configurations without joints was consistent
and as expected. The configuration consolidated using a braided sleeve have the highest
maximum strain of 0.0103 in/in (cm/cm). The configuration consolidated by twisting the
longitudinal member 180°/in. (70.9°/cm) have the smallest average maximum strain of
0.0051 in/in (cm/cm).
The Young’s modulus values of the configurations without joints were consistent
without extreme values. Figure 6.16 shows that the Young’s modulus for the
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configurations is split into two groups. The configurations with the higher Young’s
modulus values are the configurations consolidated using a braided sleeve, coiled sleeve,
and a polyester shrink tape sleeve. These configurations have an average Young’s
modulus of 17.7 Mpsi (122 GPa). The average of remaining configurations is 15.6 Mpsi
(108 GPa). This difference is discussed in the next chapter.
For configurations without joints, the braided sleeve proved to be the best
consolidation method based on average ultimate load, stress, and Young’s modulus. This
method also shows consistencies in cross-section area and fiber volume percentage as
well as a low void ratio. The configurations consolidated using a coiled sleeve and a
polyester shrink tape sleeve exhibit similar ultimate load, maximum stress, and Young’s
modulus. The configurations consolidated using a sparse spiral Kevlar® wrap have test
results similar to the configurations consolidated using a coiled sleeve. This is due to the
absence of helical members which facilitated consolidation using this method. The
configuration consolidated by twisting of the longitudinal member a rate of 180°/in.
(70.9°/cm) was the least effective method of consolidation. This was evident in the low
ultimate load, stress, and Young’s modulus values. Decreasing the rate of twist increased
the strength, but was not significant compared to other specimens. The inability of the
reduced twist to consolidate the joint makes this method of consolidation impractical for
IsoTruss™ grid structures.
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CHAPTER 7 - DISCUSSION OF TEST RESULTS
The purpose of this chapter is to highlight the most relevant results, make
observations, and draw significant conclusions. Evidence supporting the observations is
presented along with general explanations. This chapter is divided into two main
sections, one focusing on the results of tow intersection pattern at the joints, and the other
focusing on consolidation methods.

7.1

EFFECTS OF TOW INTERSECTION PATTERN
The test results are valuable in determining the effects of tow intersection pattern

at the joint on local compressive strength of IsoTruss™ grid structure joints. These
results are compared to quantify the influence of the joint on the longitudinal member
compressive strength and compare encapsulated and interwoven tow intersection
patterns.

7.1.1

ENCAPSULATION
Comparing the test results of the configurations without joints to the

configurations with encapsulated joints gives an understanding of the effects of the joints
on the compressive strength of the longitudinal members in IsoTruss™ grid structures.
A comparison of the average ultimate stresses for configurations without joints
and the configurations with encapsulated joints is shown in Table 7.1 and Figure 7.1.
Table 7.1 includes the average ultimate strength, the standard deviation, and the strength
reduction percentage of each configuration caused by incorporating an encapsulated joint.
Figure 7.1 is a bar graph of the average ultimate stresses of configurations without a joint
and configurations with an encapsulated joint. Probable ranges of average values are
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shown on the figure for a reliability of 90% at a 95% confidence level, calculated as
described in Section 5.1.

Table 7.1 Comparison of Configurations without a Joint and Configurations with
Encapsulated Joints
Consolidation
Method
Braided
Sleeve
Coiled
Sleeve
Sparse Spiral
Kevlar® Wrap
Polyester
Shrink Tape
Twisted
Member
Average for all
Methods

Configuration
NJBS-AS6t5T
EJBS-AS6t5T
NJCS-AS3t5T
EJCS-AS3t5T
NJSK
EJSK
NJPS
EJPS
NJTM-180R
EJTM-180R
No joint
Encapulated joint

Average
Ultimate Stress
[ksi (MPa)]
167.5 (1155)
140.1 (966)
152.9 (1054)
142.7 (984)
150.7 (1039)
111.7 (770)
130.1 (897)
138.2 (953)
81.4 (561)
97.4 (672)
136.5 (941.3)
126.0 (868.9)
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Average Std. Average Strength
Deviation
Reduction
[%]
[#]
[%]
11.2
6.7
16.4
14.3 10.2
15.9 10.4
6.7
9.1
6.4
14.1
9.4
25.9
16.2 14.5
14.2 10.9
-6.2
5.3
3.8
6.9
8.5
-19.6
7.9
8.1
12.5
9.1
10.5
8.4
4.6
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Figure 7.1- Average Ultimate Stress Plots Comparing Configurations without a
Joint and Configurations with Encapsulated Joints

The configurations without a joint and the configurations with an encapsulated
joint are compared using the probable range of average values shown. The criteria for
comparison of these configurations for this investigation will be based on whether or not
the upper probable range of the average values includes or exceeds the actual average
values shown in the Figure. If the upper probable range of the average values includes or
exceeds the actual average values, the configurations will be deemed similar in strength
and performance.
When considering the similarities of the fiber paths of the longitudinal member
between configurations without joints and configurations with encapsulated joints, it
seems as if the strength of the configurations with encapsulated joints should be identical
to the strength of the configurations without a joint. From Figure 7.1, the average values
of the configurations without joints are always within the upper probable range of the
configurations with encapsulated joints. This signifies that the difference between the
average ultimate stresses of the configurations without joints and configurations with
encapsulated joints is minimal. The average reduction in strength from the
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configurations without a joint to specimens with encapsulated joints for all methods of
consolidation is 4.6%.
This small reduction in average ultimate strength is attributed to an increase in
required tows to be consolidated at the joint from 36 to 64 due to the added tows of the
helical members. Ideally, the helical members of the joint specimens would be
consolidated using the exact same method as the longitudinal members. The extra
consolidation material from the helical members would counterbalance the additional
tows at the joint needing to be consolidated. For the specimens consolidated using a
polyester shrink tape sleeve, this was the case. The polyester shrink tape sleeve
consolidating the helical members aided in consolidation at the joint and compensated for
the change in required tows to be consolidated. This resulted in the probable range of the
average values for the configurations with encapsulated joints being within the probable
range of the configurations without a joint as seen in Figure 7.1.
For the configurations consolidated using a braided sleeve, coiled sleeve, or a
sparse spiral Kevlar® wrap, the helical members were consolidated using a sparse spiral
Kevlar® wrap. The sparse spiral wrap was not continued at the joint, thus no additional
consolidation from the helical members was used to help consolidate the extra tows of the
helical members at the joint. Further tests are recommended for configurations with
helical members and longitudinal members consolidated using a braided or coiled sleeve.
The extra sleeve material at the joint would aid in consolidation of the extra tows at the
joint.
Observing the probable range of average values for the configuration consolidated
by twisting the longitudinal member shows an increase in strength by incorporating an
encapsulated joint. For the configurations without a joint and the configurations with
encapsulated joints consolidated by twisting of the longitudinal member, the tows of the
longitudinal member were twisted together without any interference or interweaving from
the tows of the helical member. Based on this fact, similar strength results were
expected. The increase in strength exhibited by this configuration is most likely due to
increased support from the encapsulating tows of the helical member at the joints. The
configuration without a joint failed by untwisting, which occurred along the entire length
of the longitudinal member. The encapsulated joints failed at a higher load and untwisted
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only on one side of the encapsulating helical members. These failures are shown in
Figure 7.2(a) and (b).

(a)

(b)

Figure 7.2 Comparison of Untwisting Failure Mode in Specimens: a) No Joint; and,
b) Encapsulated Joint

7.1.2

INTERWEAVING
A comparison of the average ultimate stresses for configurations without a joint

and configurations with an interwoven joint is shown in Table 7.2 and Figure 7.1. Table
7.2 includes the average ultimate strength, the standard deviation, and the strength
reduction percentage of each configuration caused by incorporating an interwoven joint.
Figure 7.2 is a bar graph of the average ultimate stresses of configurations without a joint
and configurations with an interwoven joint. Probable ranges for average values are
shown on the figure for a reliability of 90% at a 95% confidence level, calculated as
described in Section 5.1.
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Table 7.2 Comparison of Configurations without a Joint and Configurations with
an Interwoven Joint
Average
Average Std. Average Strength
Consolidation
Ultimate Stress
Deviation
Reduction
Configuration
Method
[%]
[ksi (MPa)]
[#]
[%]
Braided
NJBS-AS6t5T
167.5 (1155)
11.2
6.7
38.0
Sleeve
IJBS-AS6t5T
103.9 (716)
3.9
3.8
Coiled
NJCS-AS3t5T
152.9 (1054)
15.9
10.4
31.5
Sleeve
IJCS-AS3t5T
104.7 (722)
11.5
11.0
Sparse Spiral NJSK
150.7 (1039)
14.1
9.4
38.3
Kevlar® Wrap IJSK
92.9 (640)
14.2
15.3
Polyester
NJPS
130.1 (897)
14.2
10.9
Shrink Tape
IJPS
101.3 (698)
7.9
7.8
22.2
Twisted
NJTM-180R
81.4 (561)
6.9
8.5
Member
IJTM-180R
63.2 (436)
6.6
10.4
22.3
Average for all No joint
136.5 (941)
12.5
9.1
Methods
Interwoven joint
93.2 (643)
8.8
9.5
30.5
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Figure 7.3 Average Ultimate Stress Plots Comparing Configurations without a
Joint and Configurations with Interwoven Joints
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Average Ultimate Compressive Stress (ksi)
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The general trend in average ultimate stress reduction by incorporating a joint
with an interwoven intersection pattern can be seen in the figure. The upper limit of the
probable range for the averages of the configurations with an interwoven joint is always
below the average ultimate stresses of the configurations without joints. This coincides
with the average reduction in strength of 30.5% shown in Table 7.2. This reduction in
average ultimate strength is attributed to the difference in tow path of the longitudinal
members as they interweave with the tows of the helical members, along with an increase
in required tows to be consolidated at the joint from 36 to 64.
The probable range for the averages in Figure 7.3 for the configurations
consolidated using a braided sleeve is the only range that does not overlap. This is a
result of the consistency of test results within this consolidation method. The rest of the
configurations with interwoven joints show a similar trend in reduction of strength caused
by incorporating the interwoven joint. The reduction in strength of the configurations
consolidated using a polyester shrink tape sleeve and those consolidated by twisting the
tows of the longitudinal member is less because the average ultimate stress of the
specimens without joints is already reduced for these specimens. These results were as
expected.

7.1.3

COMPARISON OF ENCAPSULATED AND INTERWOVEN JOINTS
A comparison of the average ultimate stresses for configurations with

encapsulated and interwoven joints shows the effects of the tow intersection pattern at the
joint on local compressive strength. A comparison of the test results is shown in Table
7.3 and Figure 7.4. Table 7.3 includes the average ultimate strength, the standard
deviation, and the strength reduction percentage for each configuration with encapsulated
or interwoven joints. Figure 7.4 is a bar graph of the average ultimate stresses of the
configurations with encapsulated or interwoven joints. Probable ranges for average
values are shown on the figure for a reliability of 90% at a 95% confidence level,
calculated as described in Section 5.1.
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Table 7.3 Comparison of Configurations with Encapsulated and Interwoven Joints
Consolidation
Method
Braided
Sleeve
Coiled
Sleeve
Sparse Spiral
Kevlar® Wrap
Polyester
Shrink Tape
Twisted
Member
Average for all
Methods

Configuration
EJBS-AS6t5T
IJBS-AS6t5T
EJCS-AS3t5T
IJCS-AS3t5T
EJSK
IJSK
EJPS
IJPS
EJTM-180R
IJTM-180R
Encapulated Joint
Interwoven Joint

Average
Ultimate Stress
[ksi (MPa)]
140.1 (966.0)
103.9 (716.3)
142.7 (983.9)
104.7 (721.9)
111.7 (770.1)
92.9 (640.5)
138.2 (953.0)
101.3 (698.4)
97.4 (671.5)
63.2 (435.9)
126.0 (868.9)
93.2 (642.6)

Average Std. Average Strength
Deviation
Reduction
[%]
[#]
[%]
14.3 10.2
25.8
3.9
3.8
9.1
6.4
26.6
11.5 11.0
16.2 14.5
16.8
14.2 15.3
5.3
3.8
26.7
7.9
7.8
7.9
8.1
35.1
6.6
10.4
10.5
8.4
26.2
8.8
9.5
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Figure 7.4 Average Ultimate Stress Plots Comparing Configurations with
Encapsulated and Interwoven Joints
.
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Table 7.3 and Figure 7.4 have important implications to the design of IsoTruss™
grid structure joints. From Table 7.3 we see that the percent reduction in average
ultimate stress for most configurations is close to the average of 26.2%. The exceptions
are the configurations consolidated using either a sparse spiral Kevlar® wrap or twisting
of the longitudinal member. The below average reduction in strength of the
configurations consolidated using a sparse spiral Kevlar® wrap is because the strength
was already greatly reduced 25.9% by incorporating an encapsulated joint. The
configurations consolidated by twisting the longitudinal member had a 35.1% reduction
in average ultimate stress between encapsulated joints and interwoven joints. This above
average reduction in strength is due to the inability of the twisting tows to consolidate the
tows of the helical members effectively, and the addition of tows to be consolidated at the
joint from 36 to 64.
Figure 7.5 is a bar graph of average ultimate stresses of configurations with
encapsulated and interwoven joints for all methods of consolidation. The average
reduction of 26.2% from the configurations with encapsulated joints to interwoven joints
is easily noticed in the figure. The probable range of average values for the
configurations is one standard deviation above and below the average value. In this
figure, the upper limit of the probable range of average values for the interwoven joints is
below the average value for encapsulated joints. This demonstrates the inferior local
compressive strength of interwoven joints compared to encapsulated joints.
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Figure 7.5 Average Ultimate Compressive Stresses of Encapsulated and Interwoven
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Figure 7.6 Average Young’s Modulus of Encapsulated and Interwoven Joints

Figure 7.6 shows the difference in average Young’s modulus for the
configurations with encapsulated and interwoven joints. The Young’s modulus of the
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configurations with encapsulated joints increases 6.6% by incorporating an interwoven
joint. The probable range of the average values for the configurations with encapsulated
joints exceeds the average value of the configurations with interwoven joints. This
demonstrates their similarities and that the difference in Young’s modulus is minimal.

7.1.4

SUMMARY OF EFFECTS OF TOW INTERSECTION PATTERN
The results of the previous sections of this chapter are summarized in this section.

Figure 7.7 is a plot of the stress versus strain plot averages for the three types of tow
intersection patterns at the joint. The average ultimate stresses of the configurations
without joints and the encapsulated joints are very similar. The average reduction in
strength by incorporating a joint with encapsulating helical tows for all methods of
consolidation was 4.6%. This reduction is represented in Figure 7.5 by the distance
between the horizontal lines extending from the average ultimate stress-strain values of
the configurations without joints and encapsulated joints to the average stress axis. The
probable range of average values in the plot also shows the similarities in strength results.
This is expected because the tows of the longitudinal member for these configurations
follow the same linear fiber path throughout the member. For some consolidation
methods, the encapsulating tows of the helical members actually strengthen the joint.
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Figure 7.7 Average Stress versus Strain Plots for Tow Intersection Patterns at the
Joint

The interwoven joints exhibited the lowest strength for the tow intersection
patterns studied. The reduction in strength is caused by the curvilinear paths of the tows
of the longitudinal members at the joint. The average reduction in strength by
incorporating a joint with interwoven tows of the helical members for all methods of
consolidation was 30.5%. The average reduction in strength between the encapsulated
joints and interwoven joints was 26.2%. These reductions in strength are shown in
Figure 7.7 as the distance between the horizontal lines extending from the average
ultimate stress-strain values to the average stress axis. The probable range of average
values for the interwoven joints was lower than the other tow intersection patterns and
did not reach their average ultimate strength values. This was the general trend for the
configurations tested. The average Young’s modulus increases 6.6% from the
encapsulated joints to the interwoven joints.
When considering the IsoTruss™ grid structure as a whole, this reduction does
not consider the added global strength by incorporating interwoven joints. Research of
entire IsoTruss™ grid structures with different tow intersection patterns at the joint
would better define the actual decrease in strength.
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7.2

EFFECTS OF CONSOLIDATION METHOD
The ultimate load, stress, and average Young’s Modulus are valuable in

determining the effects of consolidation method on compressive strength of IsoTruss™
grid structure joints. These results are compared to quantify the influence of
consolidation method on the local compressive strength.

7.2.1

PHYSICAL PROPERTIES
The cross-sectional area of the specimens is a representation of consolidation

quality in the specimens. For all tow intersection patterns at the joint the configurations
consolidated using a sparse spiral Kevlar® wrap had the largest average cross-section.
The average cross-sectional area of these configurations was 11% larger than the average
of the configurations consolidated using the other methods. This proves that spirally
wrapping with Kevlar® fiber by hand yields inferior consolidation because of the
inability of this consolidation method to pull and squeeze the tows of the members
together.
The configurations consolidated by twisting the longitudinal member exhibited
the second largest average cross-section area. During the twisting process, the twisting
ends of the fiber bundles tighten towards each other, tightening the fibers and expanding
the cross-section outwards, similar to twisting of a rope or cable. This creates a larger
cross-section and results in the fibers being at an angle to the longitudinal axis, with the
fibers furthest away from the longitudinal axis of the bundle having the greatest angle.
Based on cross-sectional area, consolidation using the sparse spiral Kevlar® wrap is the
least effective consolidation method, followed by consolidation by twisting the
longitudinal member. The other configurations had cross-sectional areas close to the
nominal cross-sectional area of 0.0387 in2 (0.250 cm2) which demonstrates good
consolidation based on this criterion.
The poor consolidation exhibited by the configurations consolidated using a
sparse spiral Kevlar® wrap is also evident in the void percentage of the specimens. The
configurations consolidated using a sparse spiral Kevlar® wrap had voids that were
visible to the naked eye. In these specimens, the voids were towards the center of the
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member, creating a tube-like cross-section. This enlarged tubular cross-section increases
the local moment of inertia of the individual members, thus potentially increasing the
local buckling strength. A tube for members of the IsoTruss™ grid structure would be
ideal but is beyond the scope of this research. The average void percentage of
configurations consolidated using a sparse spiral Kevlar® wrap was approximately five
times the average of the configurations consolidated using other methods. Based on void
percentage, consolidation using a sparse spiral Kevlar® wrap is the least effective
consolidation method. The other configurations all exhibited acceptable void fractions.
The high void percentage of the configurations consolidated using a sparse spiral
Kevlar® wrap resulted in these specimens having a lower fiber volume percentage.
Interesting to note is the high fiber volume percentage of the specimens consolidated by
twisting the longitudinal member. This is a result of the tows in the longitudinal member
twisting together and squeezing out resin during curing, and of the individual fibers at
angles to the longitudinal axis. Based solely on fiber volume percentage, consolidation
using a sparse spiral Kevlar® wrap is the least effective consolidation method, and
consolidation by twisting the longitudinal member is most effective.

7.2.2

TEST RESULTS
Consolidation by twisting the longitudinal member 180°/in. (70.9°/cm) yields the

lowest local compressive strength. These configurations have an average ultimate load
37% lower than the configurations consolidated using a braided sleeve. The ultimate
stress and Young’s modulus values for these configurations were on average 41% and
17% lower, respectively, than the configurations consolidated using a braided sleeve.
The individual stress-strain curves of these configurations exhibited a large scatter for all
tow intersection patterns, especially the encapsulated joints. This is evidence of
questionable manufacturing quality of these specimens.
The configurations consolidated by twisting the longitudinal member 24°/in.
(9.44°/cm) have a higher ultimate load and ultimate stress, but this lower rate of twist is
likely insufficient to consolidate the tows of the longitudinal and helical members at the

160

joint. Additional tests for this rate of twist with encapsulated and interwoven joints are
recommended.
Correlating consolidation method and compressive strength reveals an interesting
trend. The configurations with either encapsulated or interwoven joints consolidated
using a sleeve completely covering and consolidating the member and joint have higher
ultimate stresses and Young’s modulus values than the other consolidation methods.
Table 7.4 shows the test result averages of the encapsulated joints presented by
consolidation method, with the sleeved specimens grouped first.

Table 7.4 Test Result Averages of the Encapsulated Joints
General
Consolidation
Method

Sleeved

Non-Sleeved

Average Ultimate
Stress
[ksi (MPa)]
EJBS-AS6t5T
140.1 (966)
EJCS-AS3t5T
142.7 (984)
EJPS
138.2 (953)
Ave rage
140.3 (968)
2.2 (15)
Standard Deviation
1.6%
EJSK
111.7 (770)
EJTM-180R
97.4 (672)
Ave rage
104.5 (721)
10.1 (70)
Standard Deviation
9.7%
Specimen
Configuration

Average Young's
Modulus
[Mpsi (GPa)]
17.7 (122)
18.0 (124)
17.8 (122)
17.8 (123)
0.2 (1)
0.9%
16.8 (116)
12.7 (87)
14.7 (102)
2.9 (20)
19.7%

The encapsulated joints consolidated using a sleeve have an average ultimate
stress 34% higher than the encapsulated joints consolidated using other methods. These
configurations have an average ultimate stress 26% higher than the configuration
consolidated using a sparse spiral Kevlar® wrap. The standard deviation of the average
ultimate stresses for the configurations consolidated using a sleeve is 1.6% of the average
ultimate stress value. This demonstrates consistency in strength results for configurations
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consolidated using a sleeve, and that the difference in strength due to the type and
material of sleeve, for those used in this research, is minimal.
The encapsulated joints consolidated using a sleeve have an average Young’s
modulus 21% higher than the encapsulated joints consolidated using other methods.
These configurations have an average Young’s modulus 6% higher than the configuration
consolidated using a sparse spiral Kevlar® wrap. The standard deviation of the average
Young’s modulus values for the configurations consolidated using a sleeve is 0.9% of the
average value. This demonstrates consistency in stiffness results for configurations
consolidated using a sleeve, and that the difference in stiffness due to the type and
material of sleeve, for those used in this research, is minimal.
Table 7.5 shows the test result averages of the interwoven joints presented by
consolidation method, with the sleeved specimens grouped first.

Table 7.5 Test Result Averages of the Interwoven Joints
General
Consolidation
Method

Sleeved

Non-Sleeved

Specimen
Configuration
IJBS-AS6t5T
IJBS-AS6t10T
IJCS-AS3t5T
IJPS
Ave rage
Standard
Deviation
IJSK
IJTM-180R
IJCJ
Ave rage
Standard
Deviation

Average Ultimate
Stress
[ksi (MPa)]
103.9 (716)
101.1 (697)
104.7 (722)
101.3 (698)
102.8 (709)
1.8 (13)
1.8%
92.9 (640)
63.2 (436)
73.8 (509)
78.1 (538)
21.0 (145)
26.9%

Average Young's
Modulus
[Mpsi (GPa)]
18.7 (129)
18.3 (126)
17.6 (122)
20.4 (141)
18.8 (129)
1.2 (8)
6.3%
14.5 (100)
17.1 (118)
16.7 (115)
15.8 (109)
1.8 (13)
11.6%

The interwoven joints consolidated using a sleeve have an average ultimate stress
32% higher than the interwoven joints consolidated using the other methods. These
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configurations have an average ultimate stress 7% higher than the configuration
consolidated using a sparse spiral Kevlar® wrap. The standard deviation of the average
ultimate stresses for the configurations consolidated using a sleeve is 1.8% of the average
value. This demonstrates consistency in strength results for configurations consolidated
using a sleeve. This also demonstrates that the difference in strength due to the type of
sleeve and type of materials for those used in this research is minimal.
The interwoven joints consolidated using a sleeve have an average Young’s
modulus 19% higher than the interwoven joints consolidated using the other methods.
These configurations have an average Young’s modulus 30% higher than the
configuration consolidated using a sparse spiral Kevlar® wrap. The standard deviation of
the average Young’s modulus values for the configurations consolidated using a sleeve is
6.3% of the average value. This is higher than the encapsulated joints and shows that the
type of sleeve and material used makes a difference in the stiffness of interwoven
specimens.
Figure 7.8 is a plot of the average ultimate stress for the configurations
consolidated using a sleeve and for other consolidation methods of the encapsulated and
interwoven joints. The results discussed above coupled with this plot show the advantage
gained by consolidating the joint specimens using a sleeve. Figure 7.9 is a plot of the
average Young’s modulus values for the configurations consolidated using a sleeve and
for other consolidation methods of the encapsulated and interwoven specimens. This plot
along with the data shown previously demonstrates the higher stiffness of the
configurations consolidated using a sleeve.
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From the results shown in these figures and from the results discussed previously,
consolidation using a sleeve provides the best consolidation of the member and joints.
The sleeve provides full coverage over the members and joints which allows for
squeezing and consolidation of individual tows at all locations throughout the specimen
decreasing void percentage and creating high fiber volume percentages. The sleeve also
creates a protective covering over the members and joints. The sleeves provide
additional transverse strength to the members, increasing compressive strength.
The braided sleeve was the most consistent and highest quality of all the sleeves.
The failures in the specimens with braided sleeves occurred beneath the sleeve. The
braided sleeve provided residual strength to the member and joint, demonstrated by the
failure mode observed for these specimens. Failure in the specimens with coiled sleeves
occurred beneath the sleeve along with an uncoiling of the sleeve. This caused some
inconsistencies in strength characteristics of these specimens which is evidenced by some
specimens being eliminated using Chauvenet’s criterion. Failure in the polyester shrink
tape sleeve was catastrophic and occurred at the joint. The shrink tape does not add
residual strength and as much of a protective covering to the specimens; therefore it is the
least effective of all the sleeves.

7.2.3

SUMMARY OF EFFECTS OF CONSOLIDATION METHOD
Consolidating specimens using a sleeve was the most effective based on the

physical property measurements and static compressive test results. These configurations
have cross-sectional areas close to the nominal value along with acceptable void fractions
and fiber volume percentages. The local compressive strength of these configurations
was distinctly higher than the configurations consolidated using other methods.
In particular, the configurations consolidated using braided sleeves were most
consistent in performance and quality. The configurations consolidated using a coiled
sleeve had high strength values, but were not as consistent. This is evidenced by the two
specimens that were eliminated using Chauvenet’s criterion. The configurations
consolidated using a polyester shrink tape sleeve were consistent and yielded good results
similar to but slightly lower than the other sleeves.
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Consolidation by twisting the longitudinal member 180°/in. (70.9°/cm) yields the
lowest performance of all consolidation methods in spite of having the highest fiber
volume percentage. The ultimate load, stress, and stiffness were significantly lower than
the specimens consolidated using other methods.
The configurations consolidated using a sparse spiral Kevlar® wrap proved
ineffective in consolidating the specimens with joints, whether they were encapsulated or
interwoven. The physical properties and ultimate load, stress, and stiffness were
inconsistent resulting in marginal strength characteristics.
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CHAPTER 8 - CONCLUSIONS & RECOMMENDATIONS
This research investigated the effects of tow interlocking at the joint and member
consolidation methods on the local compressive strength of joints in IsoTruss™ grid
structures. In an effort to understand the range of behavior of most tow intersection
patterns at the joint, the two extremes of encapsulating and interweaving were
investigated. The conclusions stated for the tow intersection pattern at the joint do not
take into account the global effect of these patterns on compressive behavior of
IsoTruss™ grid structures. These conclusions are applicable only to static compressive
strength and do not account for local buckling of members. Local buckling of the
members could possibly alter the conclusions stated herein.
The second parameter investigated in this research was the effect of different
consolidation methods on local compressive strength of IsoTruss™ grid structure joints.
The conclusions of this research identify the best consolidation methods for the members
and joints based on static compressive tests of individual joint specimens, and will be
applied to IsoTruss™ grid structure design and manufacturing technology.
The following sections summarize the conclusions from this research and
recommendations for future testing and investigation. Main conclusions are listed first in
each section followed by ancillary conclusions.

8.1. CONCLUSIONS
1)

Local compressive strength of IsoTruss™ grid structure joints is directly
related to the straightness of the tows of the longitudinal members at the
joints.
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2)

The presence of a joint reduces the local compressive strength of the
member; the extent of reduction depends on the tow intersection pattern at
that joint.

3)

The local compression strength of IsoTruss™ grid structure joints is directly
related to the quality of the member consolidation.

4)

Consolidation using braided sleeves was the most effective of the
consolidation methods investigated

5)

Consolidation using a sparse spiral Kevlar® wrap was ineffective

6)

Consolidation by twisting the longitudinal member yielded the lowest
performance of all consolidation methods investigated.

8.1.1
1)

TOW INTERSECTION PATTERN
Encapsulated joints are more consistent than interwoven joints and have a
higher ultimate strength due to straight tows in the longitudinal members.

2)

Incorporating an encapsulated joint reduces the local compressive strength of
the longitudinal member by an average of 4.6% for the consolidation
methods tested.

3)

Incorporating an interwoven joint reduces the local compressive strength of
the longitudinal member by an average of 30.5% for the consolidation
methods tested.

4)

The average reduction in local compressive strength from an encapsulated
specimen to an interwoven specimen for the consolidation methods tested is
26.2%.

5)

The average Young’s modulus of the specimens with interwoven joints was
6.6% higher than specimens with encapsulated joints.
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8.1.2
1)

METHODS OF CONSOLIDATION
Consolidation of specimens with joints using sleeves provides consistent
consolidation over the entire member and joint, resulting in high
consolidation quality and high strength and stiffness results. The reduction in
strength and stiffness for different types and materials of sleeves, for those
used in this research, is minimal.

2)

Consolidating by twisting the longitudinal member 180°/in. (70.9°/cm) is the
least effective consolidation method investigated. Joint specimens
consolidated using this method have the lowest ultimate load and stress
values.

3)

Specimens with joints consolidated using sparse spiral Kevlar® wraps have
poor consolidation and exhibit cross-sectional areas 11% larger and void
contents five times greater than specimens consolidated using other methods.

4)

Specimens consolidated by twisting the longitudinal member 180°/in.
(70.9°/cm) exhibited the highest fiber volume percentage for all methods of
consolidation and all tow intersection patterns with an average of 66%. The
tows in the longitudinal member twist together and squeeze out resin during
curing, and the individual fibers are at angles to the longitudinal axis.

5)

For specimens without joints, the specimens consolidated using a braided
sleeve have the highest average ultimate load and average ultimate stress of
6.67 kip (29.69 kN) and 167.5 ksi (1155 MPa), respectively.

6)

For specimens with encapsulated joints, the specimens consolidated using a
coiled sleeve have the highest average ultimate load and average ultimate
stress of 5.77 kip (25.67 kN) and 142.7 ksi (984 MPa), respectively.

7)

For specimens with interwoven joints, the specimens consolidated using a
sparse spiral Kevlar® wrap have the highest average ultimate load of 4.27 kip
(18.99 kN) aided by the tubing effect caused by the voids in the specimen.
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8)

For specimens with interwoven joints, the specimens consolidated using a
coiled sleeve have the highest average ultimate stress of 104.7 ksi (722 MPa).

9)

Encapsulated joints consolidated using a sleeve exhibit an ultimate stress
34% higher than other consolidation methods.

10)

Encapsulated joints consolidated using sleeves exhibit 21% higher Young’s
modulus than other consolidation methods.

11)

Interwoven joints consolidated using sleeves exhibit 28% higher ultimate
stress than other consolidation methods.

12)

Interwoven joints consolidated using sleeves have 19% higher Young’s
modulus than other consolidation methods.

8.2. RECOMMENDATIONS
8.2.1
1)

MANUFACTURING
Adaptations should be made to the specimen manufacturing machine to
enable consolidation of the helical members using braided or coiled sleeves
and by twisting the tows of the helical members.

2)

Improvements to the curing system could be made by designing an efficient
system with an insulated, tightly sealed oven box with computer regulated
temperature monitored using a thermocouple.

3)

The braiding mechanism of the machine could be improved by eliminating
the braid guiding stars and their supporting rods and including spool holders
with tension mechanisms that travel on horn gears similar to traditional
braiding machines.
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8.2.2
1)

TESTING
Full-scale IsoTruss™ grid structure tests should be performed to determine
the global effect of tow intersection pattern at the joint, incorporating more
patterns to determine the optimum patterns for specific applications.

2)

Fatigue tests should be performed on the specimens to determine additional
properties of tow intersection patterns at the joints and resistance of specific
consolidation methods to fatigue damage.

3)

Impact tests should be performed for different consolidation methods to
determine damage tolerance.

4)

Tests should be performed on encapsulated and interwoven specimens
consolidated using different rates of twist of the longitudinal member to
determine a rate of twist that is stronger yet sufficient to consolidate the
helical members at the joint.

8.3. CONTRIBUTIONS TO THE STATE OF THE ART
The following lists the contributions this research made in the advancement of
lightweight composite IsoTruss™ grid structure design and manufacturing technology:
1)

Obtained valuable data on local compressive strength of IsoTruss™ grid
structure members and joints with different tow intersection patterns at the
joints and different consolidation methods.

2)

Designed and built specimen fabricating machine capable of consolidating
individual joint specimens with a braided or coiled sleeve.

3)

Performed the first static local compressive tests on joint specimens of
IsoTruss™ grid structures.

4)

Established manufacturing and testing methods for future static and fatigue
tests on individual joints of IsoTruss™ grid structures.
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APPENDIX
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APPENDIX A- MACHINE DRAWINGS AND DETAILS
This appendix contains some of the drawings and details used in the design and
fabrication of the specimen fabricating machine. Possible changes during manufacture
for some parts occurred in the machine shop without being represented in these drawings.
Other parts of the machine were designed and fabricated in the machine shop on the spot
without any real drawings.
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Figure A.1 Base Plate Design and Dimensions
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Figure A.2 Acme Rod Connection Drawing Showing NACHI Bearing

Figure A.3 Acme Rod Drawing with Machined End
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Figure A.4 Drawing of Secondary Support Plate & Spacers

Figure A.5 Cross-Plate Drawing & Dimensions
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Figure A.6 Dayton Motor Mount

Figure A.7 Braid Guiding Star Supporting Rod Drawing
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Figure A.8 Braid Guiding Star Supporting Rod Primary Connection with SKF
Bearings and Gears

Figure A.9 Guide Plate for Tows of Longitudinal Member
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Figure A.10 Cutting Jig Dimensions
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APPENDIX B- ADDITIONAL PHOTOGRAPHS
This appendix contains one cross-section area photographs of each configuration,
one fiber volume photograph from each configuration, and one void percentage
photograph from each configuration of all consolidation methods.
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(a)

(b)

(c)

(d)

(e)
Figure B.1 Typical Cross-Section Photographs of Encapsulated Joints Consolidated
by: a) Braided Sleeve; b) Coiled Sleeve; c) Sparse Spiral Kevlar® Wrap; d)
Polyester ShrinkTape Sleeve; and, e) Twisting the Longitudinal Member
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(a)

(b)

(c)

(d)

(e)

(f)

187

(g)
Figure B.2 Typical Cross-Section Photographs of Interwoven Joints Consolidated
by: a) Braided Sleeve 5.0 lb (22.2 N)/ Braiding Tow; b) Braided Sleeve 10.0 lb (44.5
N)/ Braiding Tow; c) Coiled Sleeve; d) Sparse Spiral Kevlar® Wrap; e) Polyester
ShrinkTape Sleeve; f) Twisting the Longitudinal Member; and, g) Cinching the
Longitudinal Member at the Joint

(a)

(b)

(c)

(d)
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(e)

(f)

Figure B.3 Typical Cross-Section Photographs of Specimens without Joints
Consolidated by: a) Braided Sleeve; b) Coiled Sleeve; c) Sparse Spiral Kevlar®
Wrap; d) Polyester ShrinkTape Sleeve; e) Twisting the Longitudinal Member
24°/in. (9.44°/cm); and, f) Twisting the Longitudinal Member 180°/in. (70.9°/cm)

(a)

(b)

(c)

(d)
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(e)
Figure B.4 Typical Fiber Volume Percentage Photographs of Encapsulated Joints
Consolidated by: a) Braided Sleeve; b) Coiled Sleeve; c) Sparse Spiral Kevlar®
Wrap; d) Polyester ShrinkTape Sleeve; and, e) Twisting the Longitudinal Member

(a)

(b)

(c)

(d)
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(e)

(f)

(g)
Figure B.5 Typical Fiber Volume Percentage Photographs of Interwoven Joints
Consolidated by: a) Braided Sleeve 5.0 lb (22.2 N)/ Braiding Tow; b) Braided Sleeve
10.0 lb (44.5 N)/ Braiding Tow; c) Coiled Sleeve; d) Sparse Spiral Kevlar® Wrap; e)
Polyester ShrinkTape Sleeve; f) Twisting the Longitudinal Member; and, g)
Cinching the Longitudinal Member at the Joint

(a)

(b)
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(c)

(d)

(f)
Figure B.6 Typical Fiber Volume Percentage Photographs of Specimens without
Joints Consolidated by: a) Braided Sleeve; b) Coiled Sleeve; c) Sparse Spiral
Kevlar® Wrap; d) Polyester ShrinkTape Sleeve; e) Twisting the Longitudinal
Member 24°/in. (9.44°/cm); and, f) Twisting the Longitudinal Member 180°/in.
(70.9°/cm)
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(a)

(b)

(c)

(d)

(e)
Figure B.7 Typical Void Content Photographs of Encapsulated Joints Consolidated
by: a) Braided Sleeve; b) Coiled Sleeve; c) Sparse Spiral Kevlar® Wrap; d)
Polyester ShrinkTape Sleeve; and, e) Twisting the Longitudinal Member
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(a)

(b)

(c)

(d)

(e)

(f)
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(g)
Figure B.8 Typical Void Content Photographs of Interwoven Joints Consolidated
by: a) Braided Sleeve 5.0 lb (22.2 N)/ Braiding Tow; b) Braided Sleeve 10.0 lb (44.5
N)/ Braiding Tow; c) Coiled Sleeve; d) Sparse Spiral Kevlar® Wrap; e) Polyester
ShrinkTape Sleeve; f) Twisting the Longitudinal Member; and, g) Cinching the
Longitudinal Member at the Joint

(a)

(b)

(c)

(d)
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(e)

(f)

Figure B.9 Typical Void Content Photographs of Specimens without Joints
Consolidated by: a) Braided Sleeve; b) Coiled Sleeve; c) Sparse Spiral Kevlar®
Wrap; d) Polyester ShrinkTape Sleeve; e) Twisting the Longitudinal Member
24°/in. (9.44°/cm); and, f) Twisting the Longitudinal Member 180°/in. (70.9°/cm)
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APPENDIX C- FIBER VOLUME AND VOID FRACTION
This appendix contains all of the measurements taken for fiber volume and void
fraction of the specimens. The measurements are presented in tables, with the average
and standard deviation. For each configuration, 30 measurements were recorded for fiber
volume, and 18 measurements were recorded for void fraction.
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Table C.1 Fiber Volume Measurements for Specimens with Encapsulated Joints
Photograph
#
1

2

3

4

5

6

7

8

9

10
Average
Standard
Deviation

EJBSAS6t5T
%
50.7
51.1
50.0
48.7
52.5
49.7
50.7
55.2
51.3
67.4
63.9
64.1
59.1
58.9
58.4
55.2
52.4
51.7
53.0
54.2
53.7
54.0
53.4
54.0
64.3
61.9
63.2
50.5
55.3
54.2
55.4
5.2
9.3%

EJCSAS3t5T
%
58.3
56.1
59.4
59.1
60.6
61.1
55.7
57.2
55.5
63.1
60.0
61.2
56.6
57.6
56.2
54.2
53.7
52.8
58.4
57.7
57.9
56.5
59.0
58.4
56.3
57.4
57.1
57.3
57.3
56.8
57.6
2.2
3.9%
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EJSK

EJPS

%
45.4
46.2
45.4
40.5
51.4
50.8
48.3
50.2
48.5
58.7
57.5
57.7
57.0
54.1
56.6
56.2
57.3
56.2
50.3
51.7
50.8
51.2
51.8
53.8
57.6
56.2
55.7
54.7
56.2
54.9
52.8
4.5
8.6%

%
54.7
54.0
53.4
55.7
56.5
56.9
57.6
56.8
58.8
54.1
55.2
52.6
59.1
55.6
54.1
60.6
57.2
57.2
53.5
56.4
52.5
51.0
46.2
54.5
55.7
54.5
59.2
65.4
60.1
59.5
56.0
3.5
6.2%

EJTM180R
%
72.2
65.8
67.5
70.3
69.2
71.7
66.2
66.4
70.8
67.2
59.9
59.3
65.5
66.3
65.5
68.0
66.1
68.6
65.1
67.2
65.8
68.7
66.6
67.6
67.4
66.3
65.5
63.2
59.3
61.9
66.4
3.2
4.9%

Table C.2 Fiber Volume Measurements for Specimens with Interwoven Joints
IJBSIJBSIJCSAS6t5T AS6t10 AS3t5T
#
%
%
%
69.4
60.1
63.5
1
57.6
62.5
66.2
68.3
59.2
64.1
61.7
57.1
59.9
2
64.8
54.0
60.7
70.6
58.6
60.3
64.0
55.8
63.1
3
61.4
56.9
61.9
63.5
57.6
61.9
61.8
57.3
62.3
4
63.1
60.0
58.7
66.4
56.7
61.7
59.8
61.2
60.7
5
59.4
60.5
56.3
61.9
61.0
59.7
57.7
54.6
56.0
6
61.4
55.2
57.3
64.6
55.7
60.9
68.3
54.6
59.6
7
73.2
54.3
61.3
70.1
56.9
61.6
56.5
55.7
65.4
8
55.0
55.1
63.2
59.9
56.8
58.5
71.0
58.5
66.1
9
70.2
60.6
65.5
68.3
60.6
62.2
69.9
55.0
62.7
10
70.3
53.3
60.6
73.8
54.1
61.3
Average
64.8
57.3
61.4
Standard
5.2
2.6
2.6
Deviation
8.1%
4.5%
4.3%

Photograph
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IJSK

IJPS

%
58.6
57.7
58.4
60.9
58.2
58.8
58.9
57.8
57.1
58.6
59.2
60.6
59.7
63.6
59.9
60.5
58.6
62.1
59.8
58.7
59.8
57.5
58.8
56.7
63.4
59.2
60.0
60.8
60.5
60.2
59.5
1.6
2.8%

%
67.5
69.1
66.8
60.8
66.8
64.9
67.0
63.9
65.1
60.8
61.4
61.4
66.8
64.4
63.9
62.6
61.3
61.8
64.1
64.4
65.3
60.5
61.9
61.6
62.6
62.8
65.4
64.4
70.8
68.5
64.3
2.7
4.2%

IJTM180R
%
69.0
68.3
70.6
71.7
68.9
68.6
68.1
69.5
68.1
71.9
69.9
69.1
67.5
64.0
67.9
63.3
64.3
65.2
65.1
66.3
68.2
67.7
65.8
68.0
72.7
70.4
69.7
67.6
70.1
69.0
68.2
2.3
3.4%

IJCJ
%
63.2
64.9
66.8
66.1
67.0
63.9
65.5
61.1
64.4
61.7
64.6
57.3
63.6
65.1
61.7
63.2
68.4
65.4
65.2
64.6
71.2
65.8
69.5
71.6
60.4
62.8
59.3
67.0
64.3
65.1
64.7
3.2
4.9%

Table C.3 Fiber Volume Measurements for Specimens without Joints
Photograph
#
1

2

3

4

5

6

7

8

9

10
Average
Standard
Deviation

NJBSAS6t5T
%
56.4
71.0
64.6
59.2
67.4
67.4
65.7
59.8
63.1
65.1
63.6
60.9
68.2
69.7
65.7
52.5
61.6
64.8
68.1
65.1
69.6
68.6
67.0
68.6
65.5
67.2
67.7
67.2
72.1
68.6
65.4
4.3
6.5%

NJCSAS3t5T
%
63.4
63.4
65.8
65.0
59.9
62.7
69.6
62.5
67.6
62.4
64.9
62.4
48.4
54.1
56.2
60.3
60.3
60.6
62.6
61.9
62.6
71.0
70.2
69.3
58.2
57.6
63.3
52.5
62.1
64.1
62.2
5.0
8.0%

NJSK

NJPS

%
53.0
54.7
54.5
56.6
55.8
57.1
50.2
54.9
54.9
58.0
55.8
56.8
57.5
54.2
56.0
56.1
55.7
54.9
54.1
55.3
55.1
56.1
54.7
56.7
50.0
48.4
52.3
49.8
56.6
50.7
54.6
2.5
4.5%

%
55.7
58.5
56.8
61.1
60.6
58.4
61.3
59.7
59.7
65.0
70.2
63.7
61.9
69.0
62.6
64.4
68.8
68.8
60.1
64.3
60.8
66.1
68.5
66.7
64.9
60.1
60.1
58.5
59.6
62.3
62.6
3.9
6.2%
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NJTM180R
%
64.2
63.4
66.0
67.7
70.4
70.7
71.8
68.8
68.3
67.0
67.4
69.6
68.8
64.9
72.0
66.9
72.1
65.4
69.2
67.6
66.9
61.5
63.7
60.5
65.4
70.4
65.4
64.7
62.5
65.0
66.9
3.0
4.6%

NJTM24R
52.9
51.1
63.0
53.0
53.0
55.7
58.0
54.8
55.9
53.8
55.7
55.7
61.6
60.1
56.7
54.3
53.5
57.7
51.7
51.7
52.0
57.3
60.3
58.6
62.2
57.2
56.9
57.5
58.3
59.0
56.3
3.2
5.7%

Table C.4 Void Content Measurements for Specimens with Encapsulated Joints
Photograph
#
1

2

3

4

5

6
Average
Standard
Deviation

EJBSAS6t5T
%
3.1
1.7
2.0
1.6
1.3
0.9
0.9
1.6
0.9
2.0
2.7
1.6
2.9
2.7
2.7
2.0
1.9
2.1
1.9
0.7
36.0%

EJCSAS3t5T
%
2.4
3.1
3.2
1.8
1.8
1.9
3.5
3.8
3.5
1.4
1.4
1.2
1.9
2.0
1.9
0.6
0.5
0.8
2.0
1.0
49.4%
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EJSK

EJPS

%
5.6
5.4
5.7
5.7
5.7
5.4
3.9
4.2
4.4
8.4
7.6
8.9
4.6
4.0
4.3
6.2
5.9
6.1
5.7
1.4
25.5%

%
0.7
0.5
0.6
1.1
1.7
1.4
1.0
1.0
1.0
0.3
0.4
0.7
0.8
1.0
1.0
0.9
1.2
2.0
1.0
0.4
45.4%

EJTM180R
%
0.8
1.2
0.8
1.9
1.5
2.1
2.8
1.0
1.5
3.6
2.0
0.5
0.4
1.0
0.7
1.0
1.3
1.3
1.4
0.8
58.9%

Table C.5 Void Content Measurements for Specimens with Interwoven Joints
IJTMIJBSIJBSIJCSIJPS
IJCJ
Photograph
IJSK
180R
AS6t5T AS6t10 AS3t5T
#
%
%
%
%
%
%
%
0.6
2.1
1.2
1.2
0.8
1.0
1.2
1
0.4
2.0
1.2
3.9
0.9
1.4
0.8
0.5
2.3
1.2
5.3
1.5
1.2
1.0
0.7
1.7
2.2
3.7
0.8
1.1
1.3
2
0.7
1.3
1.4
4.5
1.0
1.4
1.3
1.3
1.3
1.3
4.2
1.6
0.5
1.5
1.1
1.7
3.1
15.2
0.8
0.8
1.6
3
1.2
1.3
1.7
16.3
1.8
0.4
2.5
1.0
1.3
1.6
16.1
1.6
1.2
1.7
1.1
0.9
0.4
14.4
0.8
0.8
3.4
4
1.9
2.0
0.3
14.9
1.6
1.2
3.3
2.5
1.1
0.3
14.4
0.5
1.5
3.6
1.0
1.1
0.9
5.1
1.1
0.9
0.9
5
1.6
0.9
1.0
5.3
1.2
1.1
0.6
1.2
1.2
1.1
5.4
1.1
1.2
0.7
2.0
0.7
0.9
7.6
0.5
0.7
1.5
6
1.5
0.5
1.1
7.6
1.2
1.9
1.5
1.2
0.6
1.3
7.6
1.2
1.0
1.4
1.2
1.3
1.2
8.5
1.1
1.1
1.6
Average
Standard
0.6
0.5
0.7
5.2
0.4
0.4
0.9
Deviation 46.0% 40.5% 54.6% 60.7% 34.8% 34.5% 56.4%
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Table C.6 Void Content Measurements for Specimens without Joints
Photograph
#
1

2

3

4

5

6
Average
Standard
Deviation

NJBSAS6t5T
%
0.0
0.1
0.2
0.0
0.1
0.1
0.4
0.4
0.2
0.2
0.4
0.4
0.1
0.2
0.1
0.4
0.2
0.5
0.2
0.1
68.7%

NJCSAS3t5T
%
2.8
2.5
2.7
2.9
4.2
2.1
2.2
3.0
2.5
1.5
1.9
1.8
2.7
2.2
2.7
3.3
3.5
3.2
2.7
0.7
24.9%

NJSK

NJPS

%
5.8
7.3
7.0
7.5
9.7
12.3
3.4
3.6
4.2
10.7
10.2
10.4
5.6
5.2
5.3
17.9
17.5
18.1
9.0
4.8
53.7%

%
2.0
2.7
1.0
0.6
0.5
1.3
0.8
1.7
0.9
1.5
1.1
1.5
0.9
2.9
1.2
3.1
2.2
1.1
1.5
0.8
51.4%
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NJTM180R
%
0.3
0.2
0.2
0.7
0.7
0.7
0.3
0.3
0.3
0.2
0.1
0.4
0.8
0.9
1.1
0.5
0.3
0.4
0.5
0.3
63.2%

NJTM24R
3.8
3.9
3.8
2.8
3.0
2.6
4.7
4.6
4.5
4.0
3.0
3.9
6.8
4.0
4.4
1.7
2.2
1.8
3.6
1.2
33.7%

